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Abstract

Acrylamide (C3HsNO) is a food processing contaminant that has been classed as a probable
(Group 2a) human carcinogen. Acrylamide forms from the reaction of free (non-protein)
asparagine with reducing sugars during food processing. All major cereal products are
affected and wheat products represent one of the main sources of dietary acrylamide intake in
Europe.

Asparagine concentration is the determining factor for acrylamide formation in cereal
products. Asparagine biosynthesis is catalysed by a family of enzymes called asparagine
synthetases (ASNs). The ASN genes were investigated and five ASN genes (TaASN1-4, with a
double copy of TaASN3) identified in wheat (Triticum aestivum), with TaASN2 showing
grain-specific expression.

CRISPR/Cas9 was used to knock out the TaASN2 gene of wheat cv. Cadenza. A polycistronic
gene containing four gRNAs, interspaced with tRNAs, was designed and introduced into
wheat embryos by particle bombardment. The subsequent edits were characterised in the T1
and T2 generations using Next Generation Sequencing nucleotide sequence analysis. Triple
(A, B, and D genome) nulls were identified, alongside an AD and an A genome null.

Amino acid concentrations were measured in the T2 and T3 seed, with one triple null line
showing a substantial reduction in the free asparagine concentration in the grain (90 % in the
T2 seed and 50 % in the T3 seed compared with wildtype). The free asparagine also reduced
as a proportion of the total free amino acid pool. Significant effects were also seen in glutamate
and aspartate concentrations. Free asparagine and total free amino acid concentrations were
higher in the T3 than T2 seeds, probably due to heat stress, but the concentrations in the edited
plants remained substantially lower than in wildtype. Some of the edited lines showed poor
germination, but this could be overcome by application of exogenous asparagine and no other
phenotype was noted.
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Chapter 1

Introduction and Literature Review

Foreword

The information in this review has been published in:

Raffan, S. and Halford, N.G., 2019. Acrylamide in food: Progress in and prospects for genetic and
agronomic solutions. Annals of Applied Biology, 175(3), pp.259-281.
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1.1. Acrylamide

Acrylamide (CsHsNO; Figure 1.1) is an organic compound which is classified as a serious health
hazard with acute toxicity in the European Union. It is white, odourless, crystalline and water-soluble.
Acrylamide forms a non-toxic polymer, polyacrylamide (Figure 1.1), which has widespread industrial
uses including being an important component of polyacrylamide gel electrophoresis (PAGE), a
technique to separate biological macromolecules, usually proteins or nucleic acids. Although
polyacrylamide is non-toxic, it may contain a small concentration of monomeric acrylamide as an
impurity. Since acrylamide, the monomer, is considered toxic, and polyacrylamide is used as a
flocculant in wastewater and sewage treatment, acrylamide is a potential water pollutant. The World

Health Organisation has set a guideline acceptable limit of 0.5 pg per litre, or parts per billion
(Hg/kg).

Acrylamide has neurotoxic and developmental effects, as well as affecting male reproduction, and is
known to be carcinogenic in laboratory animals (reviewed by Tyl and Friedman, 2003; CONTAM
Panel (European Food Safety Authority Panel on Contaminants in the Food Chain), 2015). As a
result, it has been classed as a Group 2A carcinogen (meaning that it is probably carcinogenic to
humans) by the International Agency for Research on Cancer (IARC) (International Agency for
Research on Cancer, 1994), the specialised cancer agency of the World Health Organization.
Acrylamide can be absorbed through the skin, inhaled or ingested, and when ingested it can readily be
absorbed through the gastrointestinal tract, from where it can spread to all tissues in the body. Once in
the body, it can be metabolised to glycidamide (CsHsNO, Figure 1.1), a highly reactive electrophilic
epoxide, through oxidation by a cytochrome P450 (Segerbéck et al., 1995; Ghanayem et al., 2005;
Sumner et al., 1999). Glycidamide may be responsible for some or all of the genotoxic and
carcinogenic effects attributed to acrylamide (reviewed by CONTAM Panel, 2015; Zhivagui et al.,
2019; Von Tungeln et al., 2012; Besaratinia and Pfeifer, 2003; 2004).

Acrylamide is found in tobacco smoke, with one of the key sources of information on the toxicity of
acrylamide to humans coming from studies on smokers. The other main source is from occupational
exposure, due to polyacrylamide’s industrial uses. Most of the common markers for acrylamide
exposure arise from reactions of acrylamide and glycidamide with proteins, notably haemoglobin in
the blood where acrylamide forms the adduct N-(2-carbamoylethyl)valine (CEV) from reaction with
valine residues located at the N-termini of globin chains. Acrylamide exposure is measured by
determining the ratio of adducts to globin chains, with Bergmark et al. (1993) showing that high
levels of these adducts were detectable in factory workers manufacturing acrylamide, and that levels
of adducts correlated with peripheral neuropathy. It was then shown that the levels of CEV adducts
were higher in laboratory workers using PAGE gels than in non-smoking controls (Bergmark, 1997);

however, the levels in the non-smoking controls in that study were higher than was expected. A
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possible cause of this was identified when CEV adducts were discovered in rats fed fried animal feed,
with acrylamide forming in the frying process (Tareke et al., 2000). It was postulated that cooked
food could be a major source of acrylamide exposure, and this was confirmed in 2002 when
acrylamide was shown to be present in many common cooked foods (Tareke et al., 2002). The
formation of acrylamide was connected to frying, baking, toasting or roasting processes (low
moisture, high temperature cooking environments), with no acrylamide being detected in the boiled
foods analysed (Tareke et al., 2002). As no acrylamide was detected in the raw food stuff, acrylamide
was classified as a food processing contaminant (Curtis et al., 2014b), which means it is a substance
that is produced during the cooking or processing of foodstuffs and is unwanted either because it
negatively affects product quality or, as in this case, is potentially harmful.
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Figure 1.1. The structures of (clockwise from top left) asparagine (C4HsN2O3 precursor to
acrylamide), acrylamide (CsHsNO), polyacrylamide (polymer of acrylamide), and glycidamide
(CsHsNO-, metabolite of acrylamide). Adapted from Raffan and Halford, 2019.

1.2. Risk represented by dietary acrylamide intake

After the discovery of acrylamide in food, an opinion on the risks it posed was published by the
United Nations’ Food and Agriculture Organisation (FAO) and World Health Organisation (WHO)
Joint Expert Committee on Food Additives (JECFA). This opinion (JECFA, 2006) stated that dietary
exposure alone did not pose a risk for adverse neurological effects, although high levels of exposure
could pose a risk for neural morphological changes; however, when considering the genotoxic and
carcinogenic effects, the margins of exposure (MOE) indicated a health concern. This opinion on
acrylamide was restated by JECFA in 2011 (JECFA, 2011), and in the European Food Safety
Authority (EFSA) Panel on Contaminants in the Food Chain (CONTAM Panel) report in 2015
(CONTAM Panel, 2015).

A MOE is used in risk assessments to assess how dangerous genotoxic and carcinogenic substances
are. It is a ratio of the no-observed-adverse-effect level to the estimated exposure dose. The mean

estimated dietary acrylamide exposure was calculated by JECFA to be 1 pg per kg bodyweight per
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day, with the highest consumers of acrylamide exposed to 4 pg per kg bodyweight per day. The
CONTAM panel estimated that the mean exposure ranged from 0.4 to 1.9 pg per kg body weight per
day, with the 95" percentile ranging from 0.6 to 3.4 ug per kg body weight per day (CONTAM Panel,
2015). These estimates are far lower than the amounts used in the toxicology studies carried out on
rodents (Beland et al., 2013; 2015; Tyl and Friedman, 2003; Sumner et al., 2003), which raises
guestions on the applicability of the rodent data to human risk levels. Whilst it is undisputed that
acrylamide causes cancer in rodents (Beland et al., 2013; 2015; CONTAM Panel, 2015), a link
between human cancers and acrylamide exposure has not been conclusively demonstrated. Rodent
toxicology studies are based on high doses over a short period of time, rather than low doses over a
long period of time as is seen in human dietary exposure, and the data would also have to be
extrapolated from a rat to a human system. Even studies into occupational exposure involve levels of

acrylamide that are much higher than those estimated from dietary exposure (Exon, 2006).

The epidemiological studies that have been conducted to assess the carcinogenic potential of
acrylamide in humans have been limited and like all epidemiological studies may be confounded by
other variables. The potential role of dietary acrylamide in renal (Hogervorst et al., 2008),
endometrial and ovarian cancers (Hogervorst et al., 2007; Pelucchi et al., 2015) has been explored;
however, studies based on questionnaires about diet have obvious limitations, while methods using
direct detection (such as the detection of haemoglobin-adduct levels) might not give an assessment of
past acrylamide exposure. The CONTAM report (2015) concluded that the epidemiological studies
were not consistent enough to provide solid evidence on which to draw conclusions on the risk of
dietary acrylamide intake. Instead, the panel based its opinion on the rodent toxicology studies, its
assessment reinforcing the opinion of the JECFA, and leading to the imposition of stronger risk

management measures from the European Commission (Section 1.5).

Zhivagui et al. (2019) identified a unique mutational signature imprinted by glycidamide and showed
that this mutational signature was present in genomes of human tumour cells. The signature was
found in around one-third of approximately 1600 tumour genomes investigated. Since glycidamide is
found in cigarette smoke, other mutational signatures, such as from benzo[a]pyrene, the major
mutagen in tobacco smoke, were considered to distinguish the mutagenesis arising from dietary and
smoking-related acrylamide exposure. A subset of 184 liver tumour samples and 217 tumours of 15
other cancer types were found to carry the glycidamide mutational signature, but not that of
benzo[a]pyrene, indicating that these mutations were the result of dietary or occupational acrylamide
exposure. No evidence was given that mutations present in the tumour genomes were responsible for
the formation of those tumours; nevertheless, this represents the strongest evidence yet linking dietary
acrylamide exposure with cancer risk. The true danger of dietary acrylamide is still debated, with
Eisenbrand (2020) claiming that the risk of dietary acrylamide intake is overestimated, with the

genotoxicity of acrylamide occurring at exceedingly high dose levels, if at all.
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1.3. Levels of acrylamide in popular foods

Since the discovery of acrylamide in cooked foodstuffs (Tareke et al., 2002), the levels of acrylamide
in different foods have been monitored, with data first collected in 2003 by the European
Commission’s Joint Research Centre’s Institute for Reference Materials and Measurements. After
2007, Member States collected the data on acrylamide levels and supplied it to EFSA. EFSA analyses
the acrylamide data and publishes reports which inform the Commission’s risk management measures

(EFSA, 2009; 2010; 2011; 2012; CONTAM Panel, 2015).

The 2015 CONTAM report also contained data from six food associations, with the acrylamide data
shown in Figure 1.2. Vegetable crisps and coffee substitutes showed the highest concentrations of
acrylamide, with chicory-based coffee substitute showing a mean concentration of 2942 pg/kg. Dry
coffee only showed a mean of 522 ug/kg; however, it is consumed much more frequently. Mean
values in the hundreds of pug/kg were seen for potato crisps, chips (fries), biscuits, breakfast cereals
and crispbreads, which is much higher than the tolerance level for acrylamide in drinking water (0.5
pa/kg). Estimates on the contributions of different food groups to dietary acrylamide intake in the
different member states were calculated (EFSA, 2011; CONTAM Panel, 2015; Raffan and Halford,
2019; Figure 1.2), and showed that food groups which were high in acrylamide, such as vegetable
crisps and substitute coffee, were not the biggest contributors to dietary acrylamide intake. Indeed,
bread was the second highest contributor to dietary acrylamide intake, despite being relatively low in
acrylamide, as it is consumed so regularly and is often toasted, which increases the acrylamide

concentration from tens of pg/kg to several hundred.
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Figure 1.2. Graphs showing: Top: Mean acrylamide levels in different food groups. Bottom: The
contributions of different food groups to dietary acrylamide intake in the European Union. Categories
containing wheat products are highlighted in red. Taken from Raffan and Halford (2019) and based on

data provided in the EFSA Panel on Contaminants in the Food Chain report of 2015 (CONTAM
Panel, 2015).
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1.4. Acrylamide formation in foodstuffs

Acrylamide forms in the Maillard reaction from free (soluble, non-protein) asparagine (Figure 1.1)
and reducing sugars (Mottram et al., 2002; Stadler et al., 2002). The Maillard reaction is named after
French chemist Louis Camille Maillard, who first described it, in French, in 1912 (Maillard, 1912);
however, the reaction is now understood to follow the steps laid out in the Hodge Scheme (Hodge,
1953).

The Maillard reaction (reviewed in Martins et al., 2000) is actually a complex series of non-enzymatic
reactions that take place between reducing sugars, such as glucose, fructose and maltose, and free
amino acids under high-temperature (>120 °C), low-moisture conditions, such as occur during frying,
roasting, baking and toasting. It is initiated by the generation of a Schiff base (a compound carrying
an imine or azomethine functional group) from the condensation of an amino group from an amino
acid with the carbonyl group of a reducing sugar. Amadori or Heyns rearrangement products are then
produced from the cyclisation and acid-catalysed rearrangement of the Schiff base, depending on the
reducing sugar involved, and these go on to form various sugar dehydration and fragmentation
products, from fragmentation, deamination, enolisation and dehydration reactions. These sugar
dehydration and fragmentation products contain one or more carbonyl groups and are highly reactive.
They go on to participate in further reactions with other amino acids, such as a Strecker degradation,
where an amino acid undergoes deamination and decarboxylation to form an aldehyde, an a-

aminoketone and carbon dioxide.

Acrylamide results from the Strecker-type degradation of asparagine (Zyzak et al., 2003). This occurs
through the generation of a decarboxylated Schiff base which then decomposes directly to acrylamide,
or through the elimination of a carbonyl group to produce an intermediate, 3-aminopropionamide. 3-
aminopropionamide is then converted to acrylamide by the removal of ammonia (Granvogl and
Schieberle, 2006; Granvogl et al., 2007; Hedegaard et al., 2008). Thus, both free asparagine and

reducing sugars can be considered to be the precursors for acrylamide formation in foodstuffs.

The Maillard reaction products are responsible for the colours (melanoidin pigments), flavours and
aromas that are associated with roasted, fried, toasted and baked foods (Mottram, 2007; Halford et al.,
2011). As the different Maillard reaction products are responsible for different flavours and colours,
measures to reduce acrylamide might also affect the defining characteristics of specific products. For
instance, there is a strong relationship between colour and acrylamide (Halford et al., 2012), because
the colours in cooked foods form via similar pathways to acrylamide in the Maillard reaction. Colour
can therefore be an indicator of acrylamide concentration, and this was the basis for the 2017 ‘Go for
Gold’ campaign launched by the UK Food Standards Agency (Food Standards Agency, 2017). Colour
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has also become an important quality control parameter as manufacturers seek to limit the formation

of acrylamide in their products.

Acrylamide has been detected in dried fruit, such as dates and prunes (De Paola et al., 2017; Bermudo
et al., 2006), even though high temperatures are not used in the drying process and so the Maillard
reaction cannot be occurring. An alternative source for acrylamide formation has also been proposed
in wheat products through pyrolytic formation in heated gluten (Claus et al., 2006b; Weifl3haar et al.,
2004; Amrein et al., 2004). Acrylamide concentration in the cooked flour has been shown to correlate
well with asparagine concentration in the raw flour (Curtis et al., 2014a), indicating that these other
pathways for acrylamide formation play a minor role, if any role at all, for acrylamide formation in
cereal products.

1.5. Regulations on acrylamide levels in food

The publication of the Tareke (2002) study led to widespread concern in the food industry. As a
result, the industry has developed a variety of methods to reduce acrylamide levels and these have
been compiled by FoodDrinkEurope into an ‘Acrylamide Toolbox’ (FoodDrinkEurope, 2019).
Meanwhile, EU Member States have been required to collect data on the acrylamide levels in food,
and these data are reported to EFSA so that assessments can be made of the success of the mitigation
methods in reducing acrylamide in food. The European Union’s regulations on acrylamide have been
guided by reports made by EFSA based on these data. Recommendation 2007/331/EC was issued in
2007 to require the continued monitoring of acrylamide in food up to 2009, with EFSA reporting in
2009 that no general lowering of acrylamide levels across food groups had been achieved (EFSA,
2009). Consequently, Recommendation 2010/307/EU (European Commission, 2010) required

Member States to continue collecting acrylamide data.

A second EFSA report (EFSA, 2010) declared that there was a trend towards low acrylamide levels in
certain food groups, but that other groups showed a rise in acrylamide levels. Commission Regulation
C (2010) 9681 (European Commission, 2011) followed, introducing Indicative Values for acrylamide
in food (shown in Table 1.1). If a food exceeded its Indicative Value, the relevant authorities in the
Member State were required to investigate it and ensure that the manufacturer took appropriate
measures. These Indicative Values were not intended to be safety thresholds, but instead were set at
levels that the European Commission believed were achievable for each food type, based on the

monitoring data from EFSA.

Table 1.1. Indicative Values and Benchmark Levels for acrylamide in food (from Raffan and Halford,
2019), as set by the European Commission. Indicative Values 2011 come from Regulation C (2010)
9681, Indicative Values 2013 come from Recommendation 2013/647/EU and Benchmark Levels
2017 come from the Regulation (EU) 2017/2158.

-26 -



Indicative Indicative Benchmark
Food Value 2011 | Value 2013 | Level 2017

(Ppb) (Ppb) (ppb)
Baby foods (not cereal based) without prunes 80 50 40
Baby foods (not cereal based) with prunes 80 80 40
Cereal-based baby foods 100 50 40
Soft bread (wheat) 150 80 50
Soft bread (other) 150 150 100
Biscuits and rusks for infants and young children 250 200 150
Breakfast cereals: maize, oat, spelt, barley and rice
based 400 200 150
Breakfast cereals: wheat and rye based 400 300 300
Breakfast cereals: bran products, whole grain
cereals, gun puffed grain 400 400 300
Roast coffee 450 450 400
Crispbread 500 450 350
Biscuits 500 500 350
Crackers 500 500 400
French fries 600 600 500
Instant coffee 900 900 850
Potato crisps 1000 1000 750
Gingerbread - 1000 800
Coffee substitute (cereal-based) - 2000 500
Coffee substitute (chicory) - 4000 4000

Subsequent reports from EFSA were issued in 2011 and 2012 (EFSA, 2011; 2012) and reported little

improvement in acrylamide levels, with categories such as instant coffee and French fries showing

-27-



increased acrylamide levels. This led to Recommendation 2013/647/EU (European Commission,
2013) which revised the Indicative Values, reducing them in many cases (Table 1.1). An assessment
of the risk posed by dietary acrylamide was then published in 2015 (CONTAM Panel, 2015), resulting
in Commission Regulation (EU) 2017/2158 (European Commission, 2017), which represented further
strengthening of the risk management regulations for acrylamide, and came into force in April 2018.

This Regulation replaced the previous Indicative Values with Benchmark Levels, lowering the values
in almost all cases, although these Benchmark Levels were described as performance indicators. The
reduction did not reflect any decrease seen in the monitoring data. Potato crisp data from this period,
for example, did not show any reduction, although a reduction of over 50 % had been achieved from
2002 to 2011 (Powers et al., 2013; 2017). This might reflect that the easiest and most effective
acrylamide-reduction methods had already been devised and implemented by 2011. The data also
showed that consistent compliance with the regulations might be difficult to achieve, due to factors
such as the seasonal effect (Powers et al., 2013; 2017). As European potatoes (Solanum tuberosum)
are harvested in a particular window in the calendar, between July and October, potatoes required
outside of this period come from stored stocks. Stored potatoes suffer from cold and senescent
sweetening, which increase the levels of reducing sugars due to vacuolar invertase (VInv) activity
(Clasen et al., 2016; Zhu et al., 2014; Wiberley-Bradford and Bethke, 2018). Senescent sweetening
also results from the breakdown of starch, and this is catalysed by several enzymes, including
phosphorylase L (PhL) and starch-associated R1 (R1) (Sowokinos, 2001). Another factor that affects
regulatory compliance is a geographical one, with potatoes grown at a more northern latitude, such as
in Denmark, Norway and Sweden, showing a higher acrylamide-forming potential than potatoes

grown elsewhere (Powers et al., 2017).

Regulation (EU) 2017/2158 (European Commission, 2017) threatened the imposition of Maximum
Levels, i.e. the setting of maximum acrylamide concentrations at which it would be legal to sell a food
product. Mitigation measures to reduce acrylamide formation were laid out in the annexes of
Regulation (EU) 2017/2158. These included food processing measures, as well as guidance on crop
management and variety selection, and effectively formed codes of practice for the industry. Many of
these measures came from the industry-devised Acrylamide Toolbox (FoodDrinkEurope, 2019).
Businesses are also required to monitor the acrylamide levels in their products, with responsibility of

ensuring compliance with the Regulation falling on Member States.

In the United States, there is nothing like the EU’s Regulations on acrylamide, but the Food and Drug
Administration (FDA) has issued guidance for the food industry (Food and Drug Administration,
2016). However, a lawsuit was filed by the Attorney General of the State of California against four
fast-food chains (Burger King, KFC, McDonald’s, and Wendy’s) and five manufacturers of potato
products (Frito-Lay, H.J. Heinz, Kettle Foods, Lance Inc and Procter & Gamble) in 2005. This lawsuit
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sued the companies for not adding a Proposition 65 warning to their products to inform customers of
the presence of acrylamide. Proposition 65 is California’s ‘Safe Drinking Water and Toxic
Enforcement Act’. The lawsuit was settled in 2008, with the companies pledging to cut acrylamide
levels in their products, paying $3 million in fines and posting warnings on their products or in their
fast food restaurants. The Council for Education and Research on Toxics then sued Starbucks in 2010,
alongside 90 other companies in the coffee industry, demanding that products be labelled, or that

acrylamide be removed from the products (an impossible demand).
1.6. Reducing the acrylamide-forming potential of wheat

Free asparagine is the determining factor in acrylamide formation in products made from cereal grains
(Muttucumaru et al., 2006; Granvogl et al., 2007; Curtis et al., 2009; 2010; 2016; Postles et al.,
2013). Reducing free asparagine accumulation in the grain would, therefore, lower the acrylamide-
forming potential of cereal grain. The free asparagine concentration in the grain is known to vary with
wheat (Triticum aestivum) variety (Taeymans et al., 2004; Curtis et al., 2018b), and can also be
affected by agronomic practice (Claus et al., 2006a; Curtis et al., 2016; 2018b; Martinek et al., 2009).
The Cereals and Oilseeds department of the Agriculture and Horticulture Development Board
(AHDB), formerly known as the Home Grown Cereals Authority, together with Rothamsted
Research, compared six wheat varieties at six different field sites over two years and revealed large
varietal differences, alongside site and year effects, and interactions between these factors (Curtis et
al., 2009). The varieties Claire and Robigus were used in the study. These are both Group 3 wheat
varieties (National Association of British and Irish Millers), commonly known as biscuit wheats and
used for products such as biscuits, cakes and breakfast cereals. Of the two, Robigus showed a higher
mean asparagine value, with a difference of 37 % between the varieties; however, Robigus also
showed a much higher range of free asparagine concentrations. The role of variety in free asparagine
accumulation was confirmed in a field trial of winter wheats (Curtis et al., 2018b), where

concentrations ranged from 0.71 mmol/kg to 11.29 mmol/kg.

Whilst environmental factors can influence varietal effects, wheat varieties that show consistently low
asparagine levels have been identified (Curtis et al., 2018b). Five out of the eight ‘low” varieties were
Group 3 varieties, two were Group 4 (feed wheat varieties) and one was Group 2 (varieties with

bread-making potential but not suitable for all purposes); however, no significant effect of Group was

seen on the asparagine concentration, with high asparagine varieties in all of the groups.

Rye (Secale cereale) has also shown environmental effects and varietal differences in free asparagine
concentration (Curtis et al., 2010), with free asparagine concentration linked to bran yield. In another
study, a UK field trial of five commercial rye varieties showed a nearly 50 % difference in the free

asparagine concentration between the highest and lowest varieties (Postles et al., 2013). This
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highlights that switching the variety used in a product may reduce the amount of acrylamide that

forms.

Zili¢ et al. (2017) looked at the asparagine accumulation in eight cereal species (bread wheat,
Triticum aestivum; pasta wheat, Triticum durum; spelt wheat, Triticum spelta; emmer wheat, Triticum
dicoccum; rye, Secale cereale; barley, Hordeum vulgare; oats, Avena sativa; and maize, Zea mays).
Rye showed the highest mean free asparagine concentration (8.93 mmol/kg), and bread wheat the
lowest (3.23 mmol/kg). Varietal differences were seen within each species, with barley showing the
largest range in free asparagine concentration (0.91 to 6.26 mmol/kg). However, it should be noted

that this study examined a small number of varieties for each species.

1.7. Environmental effects and crop management for low asparagine

cereal grains

Environmental factors, such as the nutritional status, particularly sulphur sufficiency (Muttucumaru et
al., 2006; Granvogl et al., 2007), and pathogen infection (Curtis et al., 2016), also affect asparagine
metabolism (Lea et al., 2007). These can be directly influenced, and even controlled, by crop

management strategies and agronomy.

Nitrogen supply affects free asparagine accumulation in the grain (Winkler and Schon, 1980), with
elevated nitrogen levels resulting in greater asparagine concentrations. This means that increasing
nitrogen fertilization leads to higher free asparagine levels and more acrylamide formation in bread
(Claus et al., 2006a; Martinek et al., 2009). Sulphur has the opposite effect (Shewry et al., 1983),
with free asparagine accumulating under sulphur deficiency. In fact, under severe sulphur deficiency,
up to 30-fold increases were seen in the free asparagine concentration in the grain of three varieties of
wheat (Muttucumaru et al., 2006), with the total free amino acid concentration also rising. Nitrogen

supply also leads to increased free asparagine accumulation in rye grain (Postles et al., 2013; 2016).

The effect of sulphur deficiency on wheat grain has been further confirmed through subsequent
studies (Granvogl et al., 2007; Curtis et al., 2009; 2014a; 2018b). In the largest of these studies,
wheat varieties in different milling groups responded differently to sulphur deprivation (Curtis et al.,
2018b), with soft wheats in Group 4 most affected; however, there was also a variety effect, with the
individual varieties within the groups showing differential responses as well. Varieties that showed
low free asparagine accumulation under sulphur-sufficient conditions often showed high free
asparagine concentration under sulphur starvation, meaning that the varietal ranking for asparagine
accumulation was not consistent in the face of environmental effects. The exceptions amongst the
field trials analysed in these studies were two field trials conducted in the 2011-2012 season. These
showed no relationship between sulphur deficiency and free asparagine concentration (Curtis et al.,

2014a; 2018b). One reason given for this was the potential interaction of sulphur feeding and
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environmental effects as the season showed particularly unusual weather.

As a result of these studies, farmers have been advised to apply 20 kg sulphur (50 kg SOs equivalent)
per hectare to wheat (AHDB, 2014), with the need to ‘maintain balanced sulphur levels in the soil and
to ensure correct nitrogen application’ written into Regulation (EU) 2017/2158 (European

Commission, 2017).

Despite showing a similar response to nitrogen, there is no observable effect of sulphur deprivation on
free asparagine accumulation in rye, at least in the field (Postles et al., 2013). It was postulated that
rye may be better able to obtain sulphur from the soil, or that it responds differently to sulphur
starvation than wheat. Wheat may use free asparagine as a nitrogen store, accumulating it when there
is inadequate sulphur to make sulphur-rich proteins (Zhao et al., 1999); however, this response is not
seen in rye (Postles et al., 2013).

Biotic stress has also been shown to increase asparagine accumulation in many plant species (Lea et
al., 2007). A two-year study in the Czech Republic suggested that effective fungicide control could
lower asparagine concentration (Martinek et al., 2009), although this effect was only seen in one of
the two growing seasons in the study. A larger UK trial using 47 wheat varieties showed an increase
in asparagine concentration in all varieties when fungicide treatment was withheld (Curtis et al.,
2016), although, due to severe disease, only 24 out of the 47 varieties could be harvested. Varietal
differences were seen in the asparagine response to the fungal pathogens, with the increase in
asparagine concentration ranging from 17 % (cv. Epson) to 135 % (cv. Cleveland), meaning that
identifying ‘low” varieties was difficult as the varietal ranking changed under biotic stress. However,
unlike with sulphur deficiency, free asparagine was not the predominant amino acid in the grain
(Curtis et al., 2016). Aspartic acid was the most abundant free amino acid in both the fungicide-
treated and untreated conditions. Free asparagine also accumulates in response to a mycotoxin,
deoxynivalenol, produced by Fusarium graminearum, the fungus that causes Fusarium head blight
(Warth et al., 2015). In a study in Nebraska, asparagine concentrations were associated with disease
pressure, as well as large kernel size and delayed harvest (Navrotskyi et al., 2018). Thus, disease
control and mitigating biotic stress is very important in controlling asparagine accumulation, and this

has been written into European Commission Regulation (EU) 2017/2158.
1.8. Genetic control of free asparagine accumulation in cereal grain

Asparagine plays an important role in nitrogen metabolism in plants and is a nitrogen transport and
storage molecule in many species (Lea et al., 2007). Asparagine metabolism has been described in
detail in a network generated by Curtis et al. (2018a) that includes 212 genes, enzymes or molecules
and 246 reactions between them. Asparagine metabolism is underpinned by the core enzymes

asparagine synthetase and asparaginase. Glutamine synthetase, NADH-dependent glutamate synthase,
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ferredoxin-dependent glutamate synthase, glutamate dehydrogenase, aspartate amino transferase,

glutamate decarboxylase, and aspartate kinase are also all key enzymes in the network.

Asparagine is generated from the ATP-dependent transfer of an amino group from glutamine to
aspartate (Gaufichon et al., 2010; Xu et al., 2018). The reaction is catalysed by the enzyme asparagine
synthetase (ASN) and produces asparagine and glutamate. The first ASN cDNAs were isolated from
pea (Pisum sativum) (Tsai and Coruzzi, 1990) and two ASNs were identified, which encoded the
enzymes AS1 and AS2. It is now known that there are three ASN genes in Arabidopsis (Arabidopsis
thaliana), AtASN1-3 (Lam et al., 1994; 1998). These genes are differentially expressed and regulated
by different stimuli, including light, sucrose, stress and the supply of organic nitrogen (Lam et al.,
1998). Potato has two ASN genes, StASN1 and StASN2 (Rommens et al., 2008). Wheat, barley and
maize possess ASN gene families, with different ASN genes active in different tissues (Avila-Ospina et
al., 2015; Duff et al., 2011; Gao et al., 2016; Todd et al., 2008).

In Arabidopsis, AtASN1 expression is regulated by sucrose, being repressed by sucrose feeding in
tissue cultures (Lam et al., 1998). Sucrose nonfermenting-1 (SNF1)-related protein kinase-1 (SnRK1)
is a protein kinase in the plant sugar-sensing signalling pathway (reviewed by Hey et al., 2010), and
experiments with reporter gene constructs have shown AtASN1 expression to increase with the
overexpression of SNnRK1 (Baena-Gonzalez et al., 2007; Baena-Gonzéalez and Sheen, 2008; Confraria
et al., 2013). The pathway is also underpinned by bZIP transcription factors, with low sucrose
inducing AtASN via AtZIP11 and high sucrose inhibiting AtASN gene expression via AtbZIP9,
AtbZIP10, AtbZIP25 and AthZIP63 (Hummel et al., 2009).

In wheat, another protein kinase, general control nonderepressible-2 (GCN2), which phosphorylates
the a subunit of translation initiation factor elF2 (elF2a), affects TaASN1 expression (Byrne et al.,
2012). In fungi, GCNZ2 is known to regulate the balance between free amino acids and proteins
(reviewed by Hinnebusch, 1992) and is activated in response to low levels of free amino acids. In
Arabidopsis, it is activated in response to herbicides that inhibit amino acid biosynthesis (Zhang et al.,
2003; 2008), as well as in part of the response to multiple stresses, including wounding, UV light and
pathogen infection (Lageix et al., 2008). Transgenic wheat overexpressing TaGCN2 showed a
reduction in total free amino acid concentration, and asparagine in particular, as well as reduced
TaASNL1 expression (Byrne et al., 2012). These transgenic lines did not show sulphur-induced
TaASNL1 expression like the wildtype plants (Byrne et al., 2012).

1.9. The asparagine synthetase (TaASN) genes in wheat

Bread wheat contains five TaASN genes, TaASN1, TaASN2, TaASN3.1, TaASN3.2 and TaASN4.
TaASN1, TaASN2 and TaASN4 are located on chromsomes 5, 3 and 4 respectively, while the two
TaASN3 genes are located on chromosome 1 (Xu et al., 2018). Not much is known about TaASN4 as
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it was only recently identified, and it has not been described in any detail. The other TaASN genes

show differential expression (Gao et al., 2016).

The expression of TaASN2 is confined to the embryo and the endosperm and it is the most highly
expressed TaASN gene in those tissues during mid to late grain development. The most responsive
gene to nitrogen and sulphur levels elsewhere in the plant is TaASN1 (Gao et al., 2016), which has

also been shown to respond to salt and osmotic stress (Wang et al., 2005).

Both TaASN1 and TaASN2, when expressed heterologously, produce asparagine and glutamate from
aspartate and glutamine, with the reaction described in a continuous Petri net model by Xu et al.
(2018).

The main components of this (representing the asparagine synthetase as ASNe) are:
1) ASNe + glutamine — ASNe-NH3 + glutamate
2) ASNe-NH;+ Mg?* + aspartate + ATP — ASNe + asparagine + AMP

In the assays described by Xu et al. (2018), glutamate accumulated at a faster rate than asparagine,
and when both reactions plateaued, the concentration of glutamate was twice that of asparagine.
Gaufichon et al. (2010) suggested that the reactions did not occur simultaneously, and the Xu et al.
(2018) study seemed to confirm this, indicating that the earlier stages of the reactions, which produce
glutamate, occurred before, and proceeded faster, than the later stages, which produce asparagine.
Thus, glutamate synthesis occurs independently of asparagine synthesis and glutamate is still

synthesized when aspartate is not available to make asparagine (Xu et al., 2018).

1.10. Prospects for reducing acrylamide-forming potential by plant

breeding

The existence of acrylamide in food products is a major problem facing the food industry, and
strategies to lower acrylamide levels through modifications to processing, described in the
Acrylamide Toolbox (FoodDrinkEurope, 2019), could have knock-on effects on many of the
compounds that impart colour, flavour and aroma, leading to changes in product characteristics.
However, the acrylamide regulations in the European Union could be moving towards the setting of
Maximum Levels, and if these were set at the current Benchmark Levels (Regulation (EU)
2017/2158), the food industry would struggle to achieve regulatory compliance in many products.
Agronomic and genetic approaches could, therefore, lead to huge savings for the food industry by
reducing the acrylamide-forming potential of the raw foodstuffs. This would negate the need to
modify manufacturing lines and avoid changes to product characteristics, or could even prevent the

loss of some products altogether.
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Environmental effects on free asparagine concentrations have complicated plant breeding strategies
for low acrylamide wheat. The identification of QTL for low asparagine, for example, has been slow.
Some QTL were identified in 2018 using genome-wide association mapping (Rapp et al. 2018);
however, the strongest of these only accounted for 18 % of the genotypic variance in free asparagine
concentration. This trait showed no correlations with seed quality measures like protein content,

sedimentation volume or falling number.

In potato, where reducing sugars are the limiting factor in acrylamide-formation, due to the relatively
high concentration of free asparagine in potato tubers, the enzymes that produce, accumulate and turn
over these reducing sugars are clear targets for genetic interventions. Low-sugar varieties, which have
low glucose and low fructose concentrations, have already been bred for crisping to enable
manufacturers to produce crisps with a uniform light brown colour. A potential QTL was identified
for free asparagine and reducing sugars (Shepherd et al., 2010; 2013), with another QTL identified for
fry colour (Bradshaw et al., 2008).

Free asparagine concentration does become limiting for acrylamide formation in potatoes if it
becomes low enough, and GM technology has already been used to generate low asparagine, low
acrylamide potatoes (Innate® and Innate® Generation 2, from Simplot Company in Boise, Idaho).
Initially, expression of both StASN genes in potato was reduced by RNA interference (RNAI) but
when they were grown in a field, the plants produced small, cracked tubers (Rommens et al., 2008).
However, the tuber-specific targeting of StASN1, again by RNAI, produced phenotypically normal
plants, with normal yields but reduced free asparagine concentrations (Chawla et al., 2012), and this
trait underpins the Innate® and Innate® Generation 2 potatoes (USDA-APHIS, 2013; 2014). The
tuber-specific knockdown of StASN1, and the subsequent reduction in free asparagine in potatoes,
shows that the free asparagine that accumulates is produced in situ (Karley et al., 2002; Muttucumaru
et al., 2014). Innate® Generation 2, which also has reduced expression of genes related to starch
breakdown (PhL, (starch phosphorylase L), and R1 (starch-associated R1)), reduced bruising through
the knockdown of PPO5 (polyphenol oxidase), and reduced susceptibility to cold and senescent
sweetening through the reduced expression of a vacuolar invertase gene (VInv), have an acrylamide-
forming potential only 10 % that of conventional potatoes. The Innate® Generation 2 potatoes also
show greater resistance to Phytophthora infestans, the pathogen that causes late blight disease,
through the incorporation of Rpi-vntl.1, a resistance gene from a wild potato species, Solanum
venturi. Genome editing has also been applied to potatoes, with transcription activator-like effector
nucleases (TALENS) used to target the Vinv gene (Clasen et al., 2016); knock-out lines had
undetectable levels of reducing sugars in the tubers and lowered acrylamide levels in crisps produced

from them.
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1.11. The development of mutant lines

The generation and characterisation of mutants, both natural and induced, is vital to the study of gene
function and metabolic pathways, and ultimately it is an essential part of plant breeding and crop
improvement. Characterisation of natural genetic variation has been a fundamental resource over the
last few decades, and it is the backbone of conventional plant breeding. Many studies have also
utilised physical, chemical, or biological (e.g., T-DNA/transposon insertion) mutagenesis to generate,
identify and characterise mutants, or construct mutant libraries, such as a transposon-inserted library
in Arabidopsis (Kuromori et al., 2006), a T-DNA insert library in rice (Oryza sativa) (Wu et al.,
2003) and a mutant population in wheat, produced by treatment of seeds with ethyl methanesulfonate
(EMS) (Krasileva et al., 2017). There are limitations to all these techniques in that they are essentially
random and will generate unwanted mutations, with chemical mutagenesis in particular producing a
large number of ‘background mutations’. This means that the sheer scale of the number of plants
involved means that the method can be expensive and time-consuming, although it has been
streamlined considerably in recent years with the availability of nucleotide sequence data of entire
populations (Krasileva et al., 2017).

Methods have also been developed to target specific genes by genetic modification, including virus-
induced gene silencing (Liu et al., 2002; Ruiz et al., 1998), and antisense RNA (Mol et al., 1990) and
RNA interference (Smith et al., 2000). These methods, variously termed post-transcriptional gene
silencing (PTGS), rely on interrupting the function of chosen genes by targeting their corresponding
mMRNA and, whilst they are used extensively in gene functional studies (Waterhouse and Helliwell,
2003), they also have their limitations, particularly if total loss of function is desired, as the
suppression happens indirectly. As a result, incomplete or partial repression of a gene is often seen,
resulting in a ‘knockdown’ in gene function rather than a ‘knockout’. However, this can be beneficial

if knockouts are lethal or deleterious.
1.12. Sequence-specific nucleases (SSNs)

The development of programmable, sequence-specific nucleases (SSNs) brought about the advent of a
new era in gene functional studies and mutant generation. SSNs induce double-stranded breaks
(DSBs) in specific targeted chromosomal sites, and rely on errors in the DNA repair pathways to
generate mutations. There are two DNA repair pathways: the non-homologous end joining (NHEJ)
pathway, which is the most common repair pathway, and the homology-directed repair (HDR)
pathway (Lieber, 2010; Symington and Gautier, 2011; Puchta, 2005). The NHEJ pathway is
particularly error prone, and often results in random insertions, deletions, and substitutions. This is
because the NHEJ pathway relies on DNA ligase 1V to repair the separated ends and, as there is no

template involved, errors can occur if bases have been deleted by the nuclease (Belhaj et al., 2015). If
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these occur in the coding region, these can result in frameshift mutations and gene knockouts. The
HDR pathway repairs a DSB based on a homologous donor template, if one is present. This pathway
can be used to achieve gene insertions or precise gene modifications. T-DNA from Agrobacterium
(Agrobacterium tumefaciens)-mediated transformation has been shown to be preferentially integrated
at DSBs in tobacco (Nicotiana tabacum) (Salomon and Puchta, 1998); however, few studies have
shown the successful use of HDR-mediated genome editing in plants (Shukla et al., 2009; Schiml et
al., 2014; Wang et al., 2017; Ali et al., 2020; Hahn et al., 2018; Vu et al., 2020).

The first generation of SSNs took the form of zinc finger nucleases (ZFNs) (Kim et al., 1996;
Bibikova et al., 2002), and these have been used widely in plants (Zhang et al., 2010; Lloyd et al.,
2005; Shukla et al., 2009; Osakabe et al., 2010; Cai et al., 2009; Wright et al., 2005). However, the
constructs for ZFN are costly, difficult and time-consuming to generate (Ramirez et al., 2008).
Subsequently, a second SSN system was adapted from Xanthomonas bacteria for plants, based on
transcription activator-like effector nucleases (TALENS) (Moscou and Bogdanove, 2009; Boch et al.,
2009; Christian et al., 2010; Li et al., 2011). Targeting of TALENS, although easier to manipulate
than that of ZFNs, requires the construction of complex tandem repeat domains in the TAL proteins
(Sanjana et al., 2012).

The most recent SSN system to be developed was the clustered regularly interspaced short
palindromic repeat (CRISPR)-associated protein9 (Cas9)-based genome editing tool: the
CRISPR/Cas9 system. This system was adapted from the type Il CRISPR adaptive immunity system
in the bacterium Streptococcus pyogenes (Jinek et al., 2012), which protects bacteria and archaea
from invading nucleic acids (such as those of viruses) by recognising and cleaving foreign DNA. The
CRISPR/Cas9 genome editing system can be engineered to target specific regions in a genome
through the development of a specific, single-guide RNA (gRNA) and Watson-Crick base-pairing
between this gRNA and DNA. This makes it much easier to manipulate than the protein-based
systems that require specific DNA-binding domains. The introduction of stable and heritable
CRISPR/Cas9-induced mutations in plants has been confirmed by numerous reports (Jiang et al.,
2013b; Feng et al., 2014; Zhang et al., 2014a; Zhou et al., 2014; Ma et al., 2015b; Li et al., 2013;
Nekrasov et al., 2013; Shan et al., 2013; Xie et al., 2015).

The main advantages of CRISPR/Cas9 are its simplicity, accessibility, cost and versatility. ZFNs and
TALENS are based on protein components and function as dimers, with specificity determined by
their DNA-binding domains. ZFN design is complex and difficult due to the complicated nature of the
interaction between zinc fingers and DNA (Sander et al., 2011). Editing efficiencies are generally
higher in commercially available ZFNs, but these are more expensive (Ramirez et al., 2008).
TALENS are easier to manipulate due to the one-to-one recognition rules between the TALENS

protein repeats and nucleotide sequences, and DNA assembly techniques such as Golden Gate cloning
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(Engler et al., 2008) have also helped improve construction. TALEN construction still has problems,
however, with the highly repetitive sequences causing homologous recombination in human

cells (Holkers et al., 2013). The CRISPR/Cas9 system consists of a single, monomeric protein and a
chimeric RNA, with specificity determined by the gRNA target sequence, a 20-nucleotide sequence
within the gRNA. In contrast to the other SSN systems, the CRISPR/Cas9 system is easier to
manipulate as no sophisticated protein engineering is required. It is easy to change the target
specificity of the system as the specificity is encoded by the simple 20 nucleotide gRNA target

sequence.

In theory, ZFNs can target any sequence but, in reality, targeting is limited by the context-dependent
interaction between the fingers, and high failure rates have been reported in construction (Sander et
al., 2011). TALEN targets only require a thymine nucleotide at the first position (Doyle et al., 2012);
however, not all TALENSs work well, and some pairs do not generate mutations in vivo, requiring
experimental validation of each TALEN pair that is designed. The CRISPR/Cas9 system requires the
presence of a protospacer adjacent motif (PAM), which does limit the available target sites. However,
the CRISPR system is easy to multiplex, allowing for the simultaneous editing of multiple targets (see
Section 1.15). It can also introduce DSBs in methylated DNA in human cells (Hsu et al., 2013). When
comparing the editing efficiencies of the SSN systems, the CRISPR/Cas9 system shows comparable,
or even higher editing efficiencies than ZFNs or TALENSs (Belhaj et al., 2015). In maize, for example,
simultaneous editing of a target site by CRISPR/Cas9 and TALENS showed editing efficiencies of
13.1 % and 9.1 %, respectively (Liang et al., 2014). However, there are a lot of factors that affect
CRISPR/Cas9 editing, so mutation rates can vary, even in the same species. In rice protoplasts, for
example, editing of the PDS gene showed an editing efficiency of up to 38 % (Shan et al., 2013),
whilst efforts to target the MPK5 gene only showed an editing efficiency of 8 % (Xie and Yang,
2013).

1.13. Components of the CRISPR/Cas9 system

The CRISPR/Cas9 system has three components: the gRNA target sequence, the gRNA scaffold and
the Cas9 nuclease (Figure 1.3). The gRNA requires a PAM sequence (5’-NGG-3” for the Cas9 from
Streptococcus pyogenes) (Jinek et al., 2012; Sternberg et al., 2014) to be directly downstream of the
target sequence. The sequence 5’-NAG-3’ has been shown to function as a PAM but targeting
efficiency was significantly reduced (Hsu et al., 2013).

The gRNA scaffold consists of the protospacer-containing CRISPR RNA (crRNA) and the trans-
activating crRNA (tracrRNA), which greatly resembles the original bacterial system but has been
simplified, with the gRNA target sequence situated at the 5’ terminal part (Jinek et al., 2012; Cong et

al., 2013). In the bacterial immune system, the CRISPR arrays present in the genome are transcribed
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and processed into CRISPR RNAs (crRNAs), which contain variable targeting sequences. These then
activate and guide the Cas9 nuclease through interactions with the transactivating CRISPR RNA
(tracrRNA) (Barrangou et al., 2007). The targeting specificity of the system is provided by the 20 bp
region upstream of the PAM sequence, which complements the target sequence of the genomic DNA.
The Cas9 nuclease shows a conserved, bi-lobed architecture (Jinek et al., 2014; Nishimasu et al.,
2014) consisting of the small nuclease (NUC) lobe, containing adjacent active sites (the HNH and
RuvC domains), as well as a PAM-interacting domain, and a larger recognition (REC) lobe, which

interacts with the gRNA, forming the binary Cas9-sgRNA complex (Nishimasu et al., 2014)

The gRNA (scaffold + targeting sequence) forms a complex with the Cas9 nuclease, called the Cas9
nuclease complex (Jinek et al., 2012; Jiang et al., 2015; Nishimasu et al., 2014). The gRNA binds to
the genomic target complimentary strand and the RucV and HNH domains of the Cas9 endonuclease
cut the DNA, introducing a DSB with blunt ends. Multiple gRNAs can be designed with different
target sequences to target multiple loci in the same cell (Cong et al., 2013), allowing for targeting of
multiple genes, as well as whole gene families (Xie et al., 2015; Ma et al., 2015b; Sanchez-Ledn et
al., 2018).

Cas9 nuclease

5’ 3

3’

Figure 1.3. lllustration of the Cas9-gRNA complex. The Cas9 nuclease (blue) interacts with the DNA
through the gRNA (red) and introduces double stranded breaks at the HNH and RucV cleavage sites
(yellow triangles). The gRNA consists of a 20 bp target sequence (shown bound to the DNA) and the
gRNA scaffold, which interacts with the Cas9 protein. The protospacer adjacent motif (PAM; 5°-
NGG-3’) is required for successful targeting.
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1.14. CRISPR/Cas9 vectors in Plants

The CRISPR/Cas9 system was developed for human cells, and when tested in plants, although
successful in principle (Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Xie and Yang, 2013),
achieved much lower editing efficiencies than had been seen in other systems (Xing et al., 2014; Zhou

et al., 2014). This led to the development of CRISPR/Cas9 vector systems specific to plant systems.

A gRNA typically contains 98 nucleotides, of which 20 correspond to the target sequence and guide
the system to the genomic region of choice (Nishimasu et al., 2014). The original Cas9 coding
sequence is 4107 nucleotides long (Liu et al., 2015c), although a fused nuclear localization signal
(NLS) is required in eukaryokes (Cong et al., 2013). The use of Cas9 in plants can show a low editing
efficiency, as the gene comes from a prokaryotic system and was first modified to work in human
systems; thus, plant-optimised Cas9 genes have been designed, where the gene has been adjusted for
plant codon bias (Jiang et al., 2013b; Li et al., 2013; Miao et al., 2013; Shan et al., 2013; Fauser et al.,
2014; Xing et al., 2014; Svitashev et al., 2015; Gao et al., 2015; Ma et al., 2015b). In rice, the Cas9
gene was further modified to mimic Gramineae genes (Wong et al., 2002) by increasing the GC
content of the 5’ terminal region (Ma et al., 2015b). The Cas9 gene is generally placed under the
control of a constitutive promoter, such as the Ubiquitin (Ubi) promoter of maize, rice, or

Arabidopsis, or the Cauliflower mosaic virus (CaMV) 35S promoter (reviewed in Ma et al., 2016).

The expression cassettes containing the Cas9 and gRNA genes are delivered into the plant cells as
plasmid constructs. The Cas9 and gRNA genes can be placed on a single construct or delivered as
separate constructs (Jiang et al., 2013b; Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Xie
and Yang, 2013), and the plasmids carrying them are often tested first in vitro or in a transient
expression system, such as protoplasts, or vacuum infiltrated plant leaves (Jiang et al., 2013b). It is
not always possible to recover edited transgenic plants from protoplasts, and some species do not
regenerate from protoplasts at all, including wheat (Vasil and Vasil, 1980); however, in vegetatively-
propagated plants this method can be used effectively, with, for example, DNA-free genome edited
plants generated from the transfection of Arabidopsis, a tobacco species (Nicotiana attenuata) and
lettuce (Lactuca sativa) using preassembled CRISPR/Cas9 ribonucleoproteins (Woo et al., 2015).
Plants have also been regenerated from rice protoplasts using this method (Woo et al., 2015). Most
commonly, familiar plant transformation methods are used, such as the biolistic transformation of
calli and immature embryos or Agrobacterium-mediated transformation (reviewed in Chapter 5),
either through the floral dip method or through the transfection of callus, immature embryos, or other

tissues.
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1.15. Multiplexing the CRISPR/Cas9 system

CRISPR/Cas9 can be used for the simultaneous targeting of multiple genes, such as gene families, or
multiple loci within one gene. This can require the use of multiple vectors, which becomes more
difficult when using Agrobacterium-mediated transformation (Hiei and Komari, 2008). Furthermore,
the use and construction of multiple expression cassettes can become tricky and problematic. These
problems can be overcome with the use of multiplexed systems, whereby many loci can be targeted at

once, or one locus targeted multiple times.

Multiple gRNA expression cassettes can be inserted into a single vector through sequential rounds of
regular cloning (Li et al., 2013; Zhou et al., 2014). Another cloning method relies on the use of
multiple restriction enzymes with compatible, palindromic ‘sticky’ ends to insert multiple gRNA
expression cassettes into a single vector (Zhang et al., 2015).

The Golden Gate cloning method relies on distinctive type Il restriction enzymes, such as Bsal, to
generate sequential, compatible, non-palindromic sticky ends, allowing for the simultaneous and
efficient joining of multiple DNA fragments (Engler et al., 2008). Several CRISPR/Cas9 vector
systems have been developed based on this process (Xing et al., 2014; Ma et al., 2015b). One strategy
for gRNA cassette construction is the creation of multiple, independent, intermediate vectors which
are then digested, and the excised gRNA cassettes are then ligated together via a Golden Gate reaction
(Lowder et al., 2015). CRISPR/Cas9 constructs with up to eight gRNA expression cassettes have been
produced (Ma et al., 2015b), leading to the simultaneous editing of seven FT-like genes in rice.

Another method is the Gibson assembly method, which joins multiple DNA fragments with
homologous termini by using the T5 exonuclease, Phusion DNA polymerase, and Tag DNA ligase in
concert (Gibson et al., 2009). This can generate vectors containing multiple gRNA expression
cassettes (Ma et al., 2015b).

Multiple gRNAs can also be multiplexed into a single expression cassette through the polycistronic
tRNA-gRNA (PTG) system (Xie et al., 2015). This system works by interspacing gRNAs with tRNA
precursor sequences in a single gene, with the in vivo processing of the pre-tRNAs releasing the
gRNAs from the polycistronic pre-RNA, allowing multiplexed targeting. This is discussed further in
Chapter 4 (Section 4.1.3).

1.16. Factors affecting the efficiency of the CRISPR/Cas9 system

The editing efficiencies achieved in studies employing the CRISPR/Cas9 system in plants vary widely
(Belhaj et al., 2015). Varying Cas9 expression levels may explain this, with the codon optimisation of
the Cas9 gene (Wang et al., 2015), the promotor used (Yan et al., 2015), and the position where Cas9
integrates into the host genome (Kohli et al., 2003) all factors that could affect this. Other Cas9 genes
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have been identified, such as StCas9 (Xu et al., 2015) from Streptococcus thermophilus, and

SaCas9 (Ran et al., 2015), from Staphylococcus aureus, which have been shown to function in plants
(Steinert et al., 2015; Jia et al., 2017). Another gene, Cpf, also adapted from the Class 1l CRISPR
system, in which the effectors are single large proteins, has been shown to create DSBs in DNA, but
with sticky ends (Zetsche et al., 2015).

Transient expression studies have implicated the gRNAs in regulating editing efficiency (Jinek et al.,
2013; Li et al., 2013). This does not appear to be a product of gRNA expression levels, as different
expression levels produced similar editing efficiencies in rice (Ma et al., 2015b). gRNA design may
be a factor, and it used to be believed that the gRNA should start with a particular nucleotide (A for
U3 promoters and G for U6 promoters (Shan et al., 2013)); however, it has since been shown that
gRNAs with extra nucleotides, and guide sequences that do not begin with A or G, also lead to
successful editing (Ran et al., 2013; Xie and Yang, 2013; Ma et al., 2015b), with editing efficiencies
being similar to the regular gRNAs (Ma et al., 2015b). Target sequences with higher GC contents (50
— 70 %) have shown higher editing efficiencies in rice (Ma et al., 2015b), indicating that the target
sequence composition may play a role in CRISPR/Cas9-induced editing efficiency (Zhang et al.,
2014a; Ma et al., 2015b; Wang et al., 2013). The 3D structure may also affect the efficiency, as the
formation of a stem-loop structure involving the target sequence and the scaffold affects binding to
the genomic target strand (Ma et al., 2015b). In addition to this, the modification of the gRNA
scaffold can improve editing efficiency, with Dang et al. (2015) showing that extending the duplex

length, and mutating the polythymine sequence, increased editing efficiencies in human cell lines.

The efficiency of the system may also be affected by the genomic context of the target sequence, with
epigenetic factors, such as DNA methylation or histone modification, affecting the ability of DNA-
binding proteins to interact with the DNA (Tate and Bird, 1993). Chromatin immunoprecipitation and
high-throughput sequencing (ChIP-seq) analysis has shown that Cas9 preferentially binds to open
chromatin (Kuscu et al., 2014; Wu et al., 2014b); however, Cas9 has been shown to cleave
methylated DNA (Hsu et al., 2013). The PAM sequence chosen also affects the editing efficiency.
The PAM sequence 5°-CGG-3’, for example, was shown to improve Cas9 specificity (Doench et al.,
2014), especially when a base other than a guanine was adjacent to it (5’-CGGH-3).

Finally, cell type and the delivery method of the system appear to affect CRISPR/Cas9 activity. When
targeting the PDS gene in tobacco, Nicotiana benthamiana, a mutation rate of 37.7 % was seen in
PEG-mediated transfected mesophyll protoplasts, but only 4.8 % was seen when the same constructs
were transfected via agroinfiltration into whole leaves (Li et al., 2013). This could be the result of
differences in transformation efficiency, different DNA repair mechanisms in different cell types, or

different gRNA/Cas9 expression levels.
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1.17. Off-target effects

Eukaryotic genomes can be large, and often contain homologous and repeated sequences. Thus, off-
target effects pose a genuine concern for the CRISPR/Cas9 system, with a high level of off-target
effects reported in early studies (Fu et al., 2013; Hsu et al., 2013; Pattanayak et al., 2013).

Many web-based tools now exist for gRNA target selection (reviewed in Chapter 4), with algorithms
that factor in off-targeting potential. Optimising the Cas9 gene may also lead to increased targeting
specificity by substituting residues involved in non-specific DNA contact (Kleinstiver et al.,

2016; Slaymaker et al., 2016), using pairs of Cas9-derived nick-nuclease/sgRNAs (Ran et al., 2013)
and changing the gRNA scaffold (Dang et al., 2015). This is discussed further in Chapter 4 (Section
4.1.5).

1.18. Types of mutations seen in the CRISPR/Cas9 system

Large mutations appear to be rare in the CRISPR/Cas9 system, and larger deletions more common
than large insertions, with half the edits reported being single-base (mostly A and T) insertions and
the rest small deletions (1-50 bp) (Feng et al., 2014; Zhang et al., 2014a; Ma et al., 2015b). Thus, one
of the most common outcomes from genome editing is an event that causes a frameshift and results in
loss-of-function of the gene. The use of multiple gRNAs to target a single locus can result in large
deletions (up to hundreds of kilobases in length) between the gRNA target sites (Li et al., 2013; Zhou
et al., 2014; Zhao et al., 2016). The CRISPR/Cas9 system can introduce biallelic or homozygous
mutations in the first generation in rice and tomato (Brooks et al., 2014; Shan et al., 2013; Zhang et
al., 2014a; Zhou et al., 2014). These edits are transferred to the following generations, and segregate
normally, without further modifications. In plants with homozygous or biallelic mutations in the TO,
further mutations were not seen in the subsequent generation, suggesting that once a target site has

been edited, further editing does not occur (Feng et al., 2014).

1.19. Applications of CRISPR/Cas9 in plants

CRISPR/Cas9 provides a powerful tool for gene functional studies; however, it also has the potential
to be a powerful tool in plant breeding and crop improvement. In particular, traits that have a negative
effect on crop desirability, such as asparagine accumulation in wheat grain, could be improved by
knocking out the genes involved, such as TaASN2. The simultaneous editing of the three

TaMLO homologues in bread wheat, for example, improved resistance to powdery mildew (Wang et
al., 2014), and the knockout of the ERF transcription factor gene OSERF922 in rice reduced

susceptibility to rice blast (Wang et al., 2016). Successful editing has been shown in a variety of
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species, and a protocol for applying CRISPR/Cas9 in rice and wheat has been published (Shan et al.,
2014).

Genome editing can be particularly useful in plants with long reproductive cycles (Bewg and Tsai,
2018); for example, the efficient editing of the phytoene desaturase gene 8 (PtoPDS8) gene in the
Chinese white poplar (Populus tomentosa Carr.) (Fan et al., 2015). This gene has been targeted in
many tree species; including citrus (Citrus sinensis cv. Valencia, Jia and Wang, 2014; Poncirus
trifoliata L. Raf. x Citrus sinensis L. Osb., Zhang et al., 2017; Citrus paradisi Macfadyen, Jia et al.,
2017); coffee (Coffea canephora, Breitler et al., 2018); grape (Vitis vinifera L., cv. Neo Muscat,
Nakajima et al., 2017); and apple (Malus prunifolia (wild.) Borkh. ‘Seishi’ x M. pumila Mill.

var. paradisiaca Schneid. ‘M.9’, Nishitani et al., 2016).

Targeted gene replacement, or gene knock-ins, through the HDR DNA repair pathway, is also a
promising tool for crop improvement; however, the editing efficiency for HDR-mediated knock-ins is
much lower than gene knockouts (Puchta and Fauser, 2014; Svitashev et al., 2015). Successful knock-
ins using CRISPR/Cas9 have been reported in plants (Shukla et al., 2009; Schiml et al., 2014; Wang
etal., 2017; Ali et al., 2020; Hahn et al., 2018; Vu et al., 2020; Li et al., 2015). The CRISPR/Cas9
system can also be applied for uses other than genome editing through the introduction of DSBs.
Deactivated nucleases, such as dead Cas9 (dCas9), a catalytically inactive version of Cas9, can
regulate gene expression as they will still bind to their target sequences. The dCas9 can be fused with
a transactivation or transrepression domain to allow for precise and reversible transcriptional control
of target genes (Gilbert et al., 2013; Maeder et al., 2013). The level of transcriptional control can be

altered as using multiple gRNAs shows synergistic effects (Qi et al., 2013).
1.20. Aims of the project

Acrylamide is a Group 2a human carcinogen and a food processing contaminant. This thesis describes
work to utilise genome editing technology, as well as investigating an EMS-mutagenised TILLING
population, for the targeted knockout of asparagine synthetase 2 (TaASN2) in wheat, with the goal of

reducing the acrylamide-forming potential of wheat.

The project focussed on the following objectives:

1. Analysis of the TaASN genes in wheat, leading to the design of effective gRNAs for the targeted
knock-out of TaASN2 through CRISPR/Cas9 technology.

2. The utilisation of TILLING mutant lines to generate TaASN2 mutants.

3. Generation and characterisation of genome-edited plants with mutations in TaASN2.

4. Analysis of the TaASN2- knockout phenotype for plant growth and grain composition, and for

asparagine accumulation.
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2.1. General materials and methods

2.1.1. Polymerase chain reaction (PCR)

Primers were designed using Primer3Plus (Untergasser et al., 2007) and used at a concentration of 10
pmol/uL. Two different polymerases were used: the 2 x ReddyMix PCR Master Mix (Thermo Fisher
Scientific, Hemel Hempstead, UK) and the Q5 High-Fidelity DNA polymerase (New England
Biolabs, Hitchin, UK), according to their recommended protocols. All PCR reactions were run as 25
ML or 50 pL reactions. To optimise the reactions, different annealing temperatures were trialled on a

gradient setting.

Table 2.1. Primers used in PCR amplification of the TaASN2 target site.

Primer name Primer sequence

ASN2-1F GATCCAGAGGAGCAGCATAACC
ASN2-2F GTAGAGCCAAGCCATTCCTG
ASN2-1R GCGATGACCTCGCAGTCAC

2.1.2. Gel electrophoresis

Gels contained TAE buffer (Tris-acetate- ethylenediaminetetraacetic acid (EDTA); 0.4 M tris acetate
(pH approximately 8.3), 0.01 M EDTA) and agarose at a concentration of 1 %, 1.5 % or 2 %.
Ethidium bromide was added as a DNA stain. Gels were visualised using a Bio-Rad GelDoc XR (Bio-
Rad, Watford, UK). The GeneRuler 1 kbp, GeneRuler 100 bp (Thermo Fisher Scientific, Hemel
Hempstead, UK) and 2-Log DNA (0.1 - 10.0 kbp) (New England Biolabs, Hitchin, UK) ladders were

used as size markers.
2.1.3. DNA purification

All DNA purification from agarose gels and PCR reactions was performed using the ‘Wizard® SV
Gel and PCR Clean-Up System’ (Promega, Southampton, UK), following the manufacturer’s
protocol. For DNA purification from agarose gels, the desired DNA fragments were cut from the gel
and the gel slice was dissolved in an excess of the ‘membrane binding solution” at 55 °C, before being
added to the purification columns. For DNA purification from PCR reactions, an equal volume of the
‘membrane binding solution’ was added to the PCR products and then added directly to the
purification columns. An additional 5-minute incubation at 60 °C following the wash cycles was
added to the Level 1 PCR fragment gel extraction protocol. DNA quantification was performed using
a NanoDrop 2000 (Thermo Fisher Scientific, Hemel Hempstead, UK).
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2.1.4. Glasshouse conditions

Plants were grown in a containment glass house. They were watered daily and grown under a 16-hour
day (with supplementary lighting when necessary), at a day temperature of 20 °C and a night

temperature of 15 °C. Plants were self-pollinated and grain was collected at maturity.
2.1.5. Leaf sampling method

Leaf sections of approximately 2 cm were cut from the tips of the leaves, making sure to take from the
oldest leaves of the seedlings to avoid plant death. The leaf sections were placed into 1.5 mL
microcentrifuge tubes and frozen immediately in liquid nitrogen. The scissors were cleaned between
samples to ensure that there was no cross-contamination. The samples were stored in a -80 °C freezer.
The leaf samples were ground to a fine powder under liquid nitrogen. The liquid nitrogen was allowed
to evaporate, and the samples were transferred back to the microcentrifuge tube they were being

stored in. Fresh grinders were used every time.
2.1.6. DNA isolation from leaf samples

This method is based on the Wizard® Genomic DNA Purification Kit. Nuclei lysis solution (600 L)
(Promega A7943) was added to each ground leaf sample and the microcentrifuge tubes were vortexed
for a few seconds. The samples were incubated at 65 °C for 15 minutes. RNAse A solution (1.5 pL,
10 mg/mL) was added, the tube was mixed by inversion and incubated at 37 °C for 15 minutes. The
samples were then cooled to room temperature. Protein precipitation solution (200 pL) (Promega
AT7953) was added and the tubes were vortexed at high speed for 20 seconds. The samples were then
centrifuged at 13,000 - 16,000 x g for 3 minutes, allowing the precipitated proteins to form a tight
pellet. The supernatant was transferred, taking care not to disturb the protein pellet, to a fresh 1.5 mL
microcentrifuge tube containing 600 uL of room temperature isopropanol. The DNA was washed by
carefully inverting the tube and then the tube was centrifuged at 13,000 - 16,000 x g for 1 minute. The
supernatant was decanted and 600 pL of room temperature 70 % ethanol added. The tube was
inverted and centrifuged again. The ethanol was carefully aspirated to ensure the pellet was not
disturbed. The excess ethanol was removed by inverting the tube onto absorbent paper, allowing the
pellet to air dry for 15 minutes. H20 (50 uL) was added to resuspend the pellet and the samples were
incubated at 65 °C for 1 hour or left overnight at room temperature. The DNA was then stored at -20
°C.

2.2. Chapter 3 materials and methods

2.2.1. Investigating the TaASN genes in cv. Chinese Spring and cv. Cadenza
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DeCypher Tera-BLASTN Search Nucleic Query vs. Nucleic Database was used to assess the wheat
asparagine synthetase gene sequences. The NR_Gene_v0.4 scaffold wheat genome
(PLANT_T.aestivum_NRgene_v0.4_scaf) was used first, due to its availability, and the cDNA
nucleotide sequences for TaASN1 (GenBank BT009245), TaASN2 (GenBank BT009049), and
TaASN3 (GenBank AK333183) were used as the query sequences (Gao et al., 2016).

The returned scaffolds were downloaded and aligned to the cDNAs using the Geneious 10.1.3
software package (Kearse et al., 2012). Pairwise alignment was run using the Geneious Alignment
algorithm on its default settings; multiple alignments were run using the Consensus Align algorithm,
again on its default settings. The returned scaffolds were aligned to the cDNAs to identify exons and
introns, and the results were later confirmed by searches of the Triticum aestivum IWGSC RefSeq
v1.0 genomic sequence (Alaux et al., 2018), as it became available. The Triticum aestivum TGAC
v1.0 database was also used to assess chromosomal positioning. TaASN4 was identified through its
divergence from the other wheat asparagine synthetase sequences as TaASN4 has not yet been cloned
from bread wheat.

The ASN family was investigated in the Cadenza genome using the DeCypher Tera-BLASTN Search
Nucleic Query vs. Nucleic Database using Cadenza_El_v.1 as the reference database. The database
was first searched using the genomic DNA sequence of ASN2 (from chromosome 3B), and
subsequently with the other Chinese Spring ASN genomic sequences. The returned scaffolds were

downloaded and aligned using the Geneious 10.1.3 software package (as above).
2.2.2. RNA-Seq analysis

The methods of this have been published in:

Curtis, T.Y., Raffan, S., Wan, Y., King, R., Gonzalez-Uriarte, A. and Halford, N.G., 2019.
Contrasting gene expression patterns in grain of high and low asparagine wheat genotypes in

response to sulphur supply. BMC Genomics, 20(1), p.628.

I analysed the dataset, identified genes of interest and produced the graphs and heatmap used in the

figures.
2.2.3. Phylogenetic analysis of cereal asparagine synthetase genes

The EnsemblPlants database (Aken et al., 2017) was used to provide genome information for the
species. The genome data for each chosen plant species was searched for genes annotated as
expressing a protein containing an asparagine synthetase domain. Genes that had not been annotated
previously were identified by BLASTn or BLASTp searches (Altschul et al., 1990) performed using
the cDNA or derived amino acid sequence from wheat asparagine synthetase genes. The cDNA

sequences were then downloaded and viewed using Geneious (Geneious 10.1.3) (Kearse et al., 2012).
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The nucleotide sequences were trimmed so that regions upstream of the translation start codon and
downstream of the translation stop codon were discarded. The nucleotide sequences were then aligned
using Geneious Alignment on its default settings, with a cost matrix of 65 % similarity using a global
alignment with free end gaps. The similarities between the genes were ascertained by the nucleotide
alignment matrix. All cDNA alignments were confirmed using MUSCLE alignments within the
Geneious package (Kearse et al., 2012). The similarity values between the asparagine synthetase
genes for a single species were calculated from individual alignments of those genes, with a second

independent alignment generating the similarity values in comparison to the wheat genes.

The alignments were used to build trees, using Geneious tree builder software (Kearse et al., 2012), to
visualise the relationship between the genes. The Jukes-Cantor model was used for genetic distance,
and the tree was built via a Neighbor-Joining method. The Jukes-Cantor model is a simple
substitution model which assumes that all bases have the same equilibrium base frequency and that
nucleotide substitutions occur at equal rates (Jukes and Cantor, 1969). The Neighbor-Joining method
was employed as it allowed for unrooted trees to be generated quickly without assuming a molecular
clock (Saitou and Nei, 1987). A re-sampling method was also employed. Bootstrapping (Felsenstein,
1985) was performed with 100 replicates, creating consensus trees, which were then used to examine
the relationship of the genes across the cereal species. The consensus tree allowed for an estimation of
the support for each clade, and a 50 % threshold was applied in a majority rule consensus tree. The
length of the branches in the consensus tree corresponded to the average over all trees containing the
clade, with the length of the tip branches calculated by averaging over all trees. For the tree
comparing all the ASNs in this study, an Arabidopsis ASN gene, AtASN1 (Lam et al., 1994), was used
as an outgroup to anchor the tree. The scale bars on the tree represented the length of the branches and

were expressed in units of substitutions per site of the sequence alignment.

2.3. Chapter 4 materials and methods

2.3.1. gRNA generation

Potential gRNAs were initially designed using a TaASN2 cv. Chinese Spring consensus sequence
generated from the NRGene v4 database (Wilkinson et al., 2016) using the Sequencher 5.2.4 software
package (Gene Codes Corporation, Ann Arbour, Michigan, US) using its basic alignment algorithm.
Initially, a gRNA-generator (CerealsDB, University of Bristol, unpublished data) was used and the
gRNA viability was visually assessed by alignment to the homeologue sequences. Further gRNA
design was completed using the Cas9 Designer tool (Park et al., 2015) using ‘Hordeum vulgare
(Ensembl Plants 28)’ as the reference sequence because a wheat reference genome was not available

for this tool at the time. The DESKGEN (Hough et al., 2016) gRNA design tool was also used with
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gRNAs designed based on the TaASN2 chromosome 3A genomic sequence from Cadenza (Appels et
al., 2018).

The potential gRNAs were aligned to the cv. Cadenza TaASN2 genes and scored based upon their GC
contents, out-of-frame scores (a prediction of how likely a guide is to lead to a frameshift), and
whether they targeted a conserved region between the homeologues. The gRNAs were also aligned to
the cv. Cadenza TaASN1 sequences (on Chromosome 5A, 5B and 5D) to assess the likelihood of off-
target effects in any conserved regions between TaASN1 and TaASN2. The online tool DESKGEN
(Hough et al., 2016) was used to confirm the viability of the gRNAs, through the ‘knock-in function’,
with the genomic sequence of TaASN2 from Chromosome 3A of Cadenza used as the region of
choice. The 3D structure of the gRNAs was visualised through RNA-fold (Lorenz et al., 2011) as a
further check of gRNA suitability.

2.3.2. Creation of Actin-Cas9-eGFP plasmid

The Actin-Cas9-eGFP plasmid was created through the two-step digestion of the destination plasmid,
pRRes208.381 (obtained from Alison Huttly, Rothamsted Research), and the donor plasmid
(containing a Cas9 construct with the maize ubiquitin (Ubi) gene promoter, obtained from the
University of Bristol) with EcoR1 and Spel restriction enzymes (New England Biolabs, Hitchin, UK),
according to the manufacturer’s protocol, and the ligation of the digested fragments. The DNA
fragments were purified using the QIAquick PCR Purification Kit (Qiagen, Manchester, UK),
following the manufacturer’s protocol, and eluted in 30 uL elution buffer (10 mM Tris-Cl, pH 8.5).
Recombinant shrimp alkaline phosphatase (3 pL) (New England Biolabs, Hitchin, UK) was added to
the pRRes208.381 plasmid digestion one hour after the start of the Spel digestion to catalyse the
dephosphorylation of 5" and 3" ends of the DNA. The ligation reaction set up is shown in Table 2.2.

Table 2.2. Ligation reaction components for the creation of the Actin-Cas9-eGFP plasmid. Five

different ligation mixes were set up, all as 20 L reactions.

Quantity (uL)
Ligation Mix | Vector Insert 10x buffer Ligase H-O
1 2 - 2 - 16
2 2 - 2 2 14
3 2 5 2 - 11
4 2 5 2 2 9
5 2 10 2 2 4

The ligation reaction was incubated overnight at room temperature, then stored at -20 °C.
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2.3.3. Escherichia coli (E. coli) cells

Chemically competent E.coli strain DH5a cells (produced at Rothamsted Research by Lucy Hyde)
and 10-beta cells (New England Biolabs, Hitchin, UK) were used. The cells were stored at -80 °C and
transformed via a ‘heat shock’ procedure as follows: The cells were removed from the -80 °C freezer
and incubated on ice for 5 minutes. DNA was added and the cells were incubated on ice for a further
30 minutes. Cells were then transferred to a 42 °C water bath for 30 seconds and immediately
returned to ice and incubated for 5 minutes. SOC medium (Sigma-Aldrich, Gillingham, UK) was
added and the cells were transferred to a 37 °C shaking incubator and incubated at 150 - 200 rpm for 1
hour. Cells were removed from the incubator and were grown on YT medium (16 g/L tryptone, 10 g/L
yeast extract; 5.0 g/L NaCl) containing a selective antibiotic and grown overnight at 37 °C.

2.3.4. Polymerase chain reaction (PCR) analysis of E. coli colonies

Colonies were streaked on selective plates containing ampicillin (100 pg/mL) to ensure that single
colonies were obtained. These colonies were then added to 100 pL of EB buffer (10 mM Tris-ClI, pH
8.5) and incubated at 95 °C for 10 minutes. PCR reactions were run as 25 pL reactions, where the EB
mix was used as the template DNA, using the following programme: 95 °C for 5 minutes, [95 °C for
30 seconds, 58 °C for 30 seconds, 72 °C for 60 seconds] x 25 cycles, 72 °C for 10 minutes. ‘Positive’
colonies were confirmed by nucleotide sequence analysis and used to inoculate LB broth (tryptone 10
g/L; NaCl 10 g/L; yeast extract 5 g/L) to generate plasmid DNA midipreps (using the Qiagen Plasmid
Midiprep Kit (Qiagen, Manchester, UK), following the manufacturer’s protocol).

2.3.5. Nucleotide sequence analysis

Nucleotide sequence analysis of protoplast DNA was conducted on an Applied Biosystems® 3500
Genetic Analyzer at the University of Bristol. Results were downloaded and analysed using either
Sequencher or Geneious software (Gene Codes Corporation, Ann Arbour, Michigan, US; Kearse et
al., 2012). The primers used in the sequencing reactions were: Actin-1F!, Actin-1R?, Histone-1F,
Histone-1R?!, Nos2-R?, ASN2-1F (GATCCAGAGGAGCAGCATAACC) and ASN2-1R
(GCGATGACCTCGCAGTCAC) (*primers were obtained from Professor Keith Edwards, University
of Bristol). Reactions were run in 10 pL volumes on a thermal cycler (Mastercycler nexus, Eppendorf,
Stevenage, UK). The DNA was then precipitated with ethanol and resuspended in 10 pL of
formamide loading buffer (95 % formamide). All additional nucleotide sequence analysis was
performed by the Eurofins Custom DNA Sequencing service (Wolverhampton, UK), which uses

Sanger sequencing.
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2.3.6. Golden Gate assembly of plasmid constructs

The method was based on the protocol by Xie et al. (2015). Primers were designed to amplify the
gRNA-tRNA components (Table 2.3). The system requires multiple DNA components to be ligated
together in a desired order, and for Golden Gate (GG) assembly (Engler et al., 2008). Distinct 4-bp
overhangs are required in order to ligate two DNA fragments after digestion with a type 1l
endonuclease (Bsal in this case). As the gRNA spacer is the only unique sequence, the full
polycistronic gene should be designed in the form of DNA fragments where the overlaps are within
the gRNA spacer region. The overhang could be any 4 consecutive nucleotides of the gRNA spacer;
however, the spacer could not be 5’-GGCA-3’ or 5°-AAAC-3’, which are used in terminal adaptors
for cloning in pPRGE32 and pRGEB32, or 5’-GGATG-3’ or 5°-GGTCTCN-3’, which are the Fokl and
Bsal restriction sites, respectively. The gRNA spacers were split into two parts with a 4 bp overlap
and each half of the spacer was synthesized within oligonucleotide primers with a Bsal site. Two 5’-
terminal bases were added to enhance Bsal digestion of the PCR products. The gRNA scaffold was
improved as suggested by Dang et al. (2015), changing the gRNA[X]-F primer to 5’-NN-GGTCTC-N-
N9N10N11N12N13N1aN15N16N17N1gN1gN2o-G TTTCAGAGCTATGC-37, with the gRNA[X]-R primer
remaining unchanged, 5’-NN-GGTCTC-N- N12N11 N1g NgNgN7NgNsN4N3N2N1-
TGCACCAGCCGGG-3’ (Xie et al., 2015).

Table 2.3. Primers for the GG assembly of the 4-gRNA polycistronic gene, designed according to the
method outlined in Xie et al. (2015).

Primer name Primer sequence

L5AD5-F CGGGTCTCAGGCAGGATGGGCAGTCTGGGCAACAAAGCACCAGTGG
gRNA1 R TAGGTCTCATCGCCGCACCCCTGCACCAGCCGGGAA

gRNA1 F CGGGTCTCCGCGACGAGTCGCGTTTCAGAGCTATGC

gRNA2 R TAGGTCTCACCGCTCCAGTCCTGCACCAGCCGGGAA

gRNA2 F CGGGTCTCCGCGGCCTGCACCGTTTCAGAGCTATGC

gRNA3 R TAGGTCTCACAGCCGCTCTACTGCACCAGCCGGGAA

gRNA3 F CGGGTCTCCGCTGGTCGCCGGGTTTCAGAGCTATGC

gRNA4 R TAGGTCTCAGTGACTGCGAGGTGCACCAGCCGGGAA

gRNA4 F CGGGTCTCCTCACTGCCGGTCGTTTCAGAGCTATGC

L3AD5-R TAGGTCTCCAAACGGATGAGCGACAGCAAACAAAAAAAAAACACCGACTCG
S5AD5-F CG GGTCTCAGGCAGGATGGGCAGTCTGGGCA

S3AD5-R TAGGTCTCCAAACGGATGAGCGACAGCAAAC

The Level 1 PCR was performed on the pGTR template, with improved gRNA structure (tRNA

(shown in red below) and gRNA scaffold (shown in bluge)):
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TTGGAGACCGAGGTCTCGGTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTGAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCAACAAAGCACCAGTGGTCTAGTGGTAGAATAGTACCCTGCC
ACGGTACAGACCCGGGTTCGATTCCCGGCTGGTGCATGGCAGAA

2.3.7. Construction of PTG gene

PCR reactions (50 pL) were set up to amplify DNA gRNA fragments for the Level 1 GG assembly

for PTG construction. Q5® High-Fidelity 2 x Master Mix (New England Biolabs, Hitchin, UK) was
used following the manufacturer’s protocol. Forward and reverse primers (Table 2.3) were used at a
final concentration of 0.5 uM, with 0.15 ng of pGTR template (Xie et al., 2015). The 2 x ReddyMix

PCR Master Mix (Thermo Fisher Scientific, Hemel Hempstead, UK) was also used.

The PCR was run on the following programme: 98 °C for 2 minutes; then 35 x [98 °C for 10 seconds;
50 °C for 20 seconds; 72 °C for 20 seconds]; then 72 °C for 2.5 minutes. The samples were then held
at 10 °C.

The PCR products were purified with the Wizard® SV Gel and PCR Clean-Up System (Promega UK,
Chilworth, UK). The individual fragments were ligated together in a GG reaction to generate the
plasmid construct pRRes209.481.ASN2 and 25 ng of each Level 1 fragment was used in the GG
reaction (total volume 20 pL). The GG reaction was set up as shown in Table 2.4.

Table 2.4. Components for the GG ligation of the Level 1 PCR fragments into the 4-gRNA
polycistronic gene.

Component Amount (uL)
Level 1 fragments (25 ng/pL) 1 of each
Bovine Serum Albumin (1 ng/pL) 2

Bsal (New England Biolabs, Hitchin, UK) 0.5

T7 DNA ligase (New England Biolabs, Hitchin, UK) 0.5

2 x T7 DNA ligase buffer (New England Biolabs, Hitchin, UK) = 10
Nuclease-free H,O To 20 L

GG reactions were performed in a thermal cycler (Bio-Rad) under the following programme: 50
cycles x [37 °C for 5 minutes; 25 °C for 10 minutes]; then 20 °C for 1 minute. The samples were then
held at 8 °C.

The GG product was then reamplified by PCR in a 50 pL reaction. The ligation product was used at
1:10 dilution (1 pL) and 2 x ReddyMix PCR Master Mix (Thermo Fisher Scientific, Hemel
Hempstead, UK) was used with the SSAD5-F and S3AD5-R (10 uM) primers (Table 2.3). The PCR

was run on the following programme: 95 °C for 2 minutes; then 35 cycles x [95 °C for 10 seconds; 60
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°C for 20 seconds; 72 °C for 1 minute/kbp]; then 72 °C for 5 minutes. The samples were then held at
4 °C.

The PCR products were purified with the Wizard® SV Gel and PCR Clean-Up System (Promega UK,
Chilworth, UK) and digested with Fok1 (New England Biolabs, Hitchin, UK) in 30 L reactions

using the Cutsmart buffer. The reaction was left overnight at 37 °C.

The fragments generated by the Fok1 digest were separated using gel electrophoresis and the DNA
fragments of the expected size were cut from the gel and purified with the Wizard® SV Gel and PCR
Clean-Up System (Promega UK, Chilworth, UK).

The ligation reaction to insert the PCR product into the vector (PRGE32) was set up in 10 uL volumes
using the T4 ligase and the 5 x T4 ligase buffer (New England Biolabs, Hitchin, UK). Two different
ligation reactions were set up, with different vector to insert ratios. Reaction 1 contained a 5:3 ratio of
vector to insert whilst Reaction 2 contained a 5:2 ratio.

The ligation reaction was incubated at room temperature for at least 4 hours, and then frozen at -20
°C. The ligation product, pRRes209.481.ASN2, was used to transform E. coli DH5a cells using the
heat shock procedure and the construct was confirmed via a diagnostic restriction digest, using Mlul
and Pstl in 3.1 Buffer (New England Biolabs, Hitchin, UK).

2.3.8. Protoplast generation

The method was based on a modified Shan et al. (2014) protocol. Protoplasts were generated from 9 -

12 day old, dark-grown wheat cv. Cadenza seedlings.

Mannitol solution (50 mL, 1 M) was made fresh, vortexed and heated to 55 °C to dissolve. Fresh
enzyme solution (20 mL) was prepared (1.5 % cellulase RS (Sigma C0615); 0.75 % macerozyme R10
(Calbiochem); 10 mM KCL; 0.6 M mannitol; 20 mM MES(2-(N-morpholino)ethanesulfonic acid)-
KOH, pH 5.6; made up to 20 mL with H,O) and heated in a water bath to 55 °C for 10 minutes to
inactivate proteases and enhance enzyme solubility, then allowed to cool. Once cool, 200 uL of 1 M

CaCl; and 2 mL of 10 mg/mL bovine serum albumin were added.

Shoots (approximately 10 - 20) were placed in a Petri dish and cut into 0.5 - 1 mm strips using a fresh
razor blade. Plasmolysis buffer (0.6 M mannitol) (10 mL) was added to the cut shoots and the shoots
were incubated in the dark for 10 minutes. The plasmolysis buffer was removed, and all 20 mL of the
enzyme solution was added. The cells were then incubated in the dark in a desiccator for 30 minutes,

after which they were incubated for 4 - 6 hours (in the dark) at 23 °C with shaking at 60 rpm.

W5 solution (125 mM CaCly, 154 mM NaCl, 2 mM MES-KOH, 5 mM KCL) (50 mL) was placed on

ice, while keeping another 50 mL of W5 at room temperature. After the incubation, 20 mL of (room
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temperature) W5 was added to the cells and gently mixed. The cells were then filtered through a 40
pm nylon mesh and washed with the remaining 30 mL of W5. The cells were centrifuged at 80 g for 3
minutes (Thermo Fisher Scientific Multifuge X3R centrifuge) and resuspended in 3 mL of (cold) W5
solution. The cells were incubated for 30 minutes on ice and the cell concentration was assessed using
a Neubauer haemocytometer (Figure 2.1). The W5 solution was removed and the cells were
resuspended in MMG (0.4 M mannitol, 15 mM MgCl;, 4 mM MES-KOH) to give a concentration of

1 million cells per mL.

Figure 2.1. Protoplasts from cv. Cadenza viewed using a Neubauer haemocytometer to count for cell

number.

For the transformation, 10 pg of plasmid DNA was used. Protoplasts (100 pL) were added to the
plasmid DNA and mixed gently. PEG-CTS (110 pL) (40 % wi/v polyethylene glycol (PEG), 0.2 M
mannitol, 100 mM CaCl,) was added and the cells were incubated at 23 °C for 10 minutes in the dark.
The transformation was stopped by the addition of 880 pL W5 solution. The cells were centrifuged at
80 g for 3 minutes, resuspended in 2 mL of W5 and incubated in the dark for 24 - 48 hours. The
effectiveness of the transformation was visualised through the addition of a fluorescent marker gene
and fluorescence microscopy (M205 Leica microscope at 160x magnification). Some of the
supernatant was removed (leaving 200 - 300 L), concentrating the protoplasts prior to viewing.
Transformation efficiency was estimated from the number of fluorescent to non-fluorescent living

protoplasts.
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2.3.9. gRNA1 and gRNAZ2 for protoplast trial assay

Two plasmids (PEXA24F-CONSENSUS.sgRNA; pEXA25F-CONSENSUS.sgRNA) were designed
by Professor Keith Edwards (University of Bristol), each containing a single gRNA gene, using the
Eurofins Gene Synthesis service, each comprising the pEX-A2 backbone and the following genes
(with gRNA target sequence (in red below) and gRNA scaffold (in blue)):

gRNA1

GGATCCAAGCTTAAGAACGAACTAAACGCGTGCCGGACAAAAAAAGGAGCACATATACAAACCG
GTTTTATTCATGAATGGTCACGATGGATGATGGGGCTCAGACTTGAGCTACGAGGCCGCAGGCGA
GAGAAGCCTAGTGTGCTCTCTGCTTGTTTGGGCCGTAACGGAGGATACGGCCGACGAGCGTGTACT
ACCGCGCGGGATGCCGCTGGGCGCTGCGGGGGCCGTTGGATGGGGATCGGTGGGTCGCGGGAGCG
TTGAGGGGAGACAGGTTTAGTACCACCTCGCCTACCGAACAATGAAGAACCCACCTTATAACCCC
GCGCGCTGCCGCTTGTGTTGGGGTGCGGCGACGAGTCGCGTTTTAGAGCTAGAAATAGCAAGTTA
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTGAGATTTC
CAACCAGGTCCCTGGAGCCCATAGTCTAGTAACGGCCGCC

gRNA2

GGATCCAAGCTTAAGAACGAACTAAACGCGTGCCGGACAAAAAAAGGAGCACATATACAAACCG
GTTTTATTCATGAATGGTCACGATGGATGATGGGGCTCAGACTTGAGCTACGAGGCCGCAGGCGA
GAGAAGCCTAGTGTGCTCTCTGCTTGTTTGGGCCGTAACGGAGGATACGGCCGACGAGCGTGTACT
ACCGCGCGGGATGCCGCTGGGCGCTGCGGGGGCCGTTGGATGGGGATCGGTGGGTCGCGGGAGCG
TTGAGGGGAGACAGGTTTAGTACCACCTCGCCTACCGAACAATGAAGAACCCACCTTATAACCCC
GCGCGCTGCCGCTTGTGTTGGACTGGAGCGGCCTGCACCGTTTTAGAGCTAGAAATAGCAAGTTAA
AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTGAGATTTCC
AACCAGGTCCCTGGAGCCCATAGTCTAGTAACGGCCGCC

2.3.10. Protoplast DNA extraction Protocol

DNA was extracted from the protoplasts 48 hours after transformation. The extraction buffer (0.1 M
Tris-HCI, pH 7; 0.05 M EDTA, 1.25 % sodium dodecyl sulphate (SDS); made up to 1 L with H,0)
was heated to 55 °C. The protoplasts were concentrated (i.e. most of the supernatant was removed,
leaving 200 - 300 uL), 600 pL of extraction buffer was added and the cells were mixed vigorously
and then incubated at 55 °C for 20 minutes. The cells were cooled to room temperature
(approximately 20 °C) and 300 pL of 6 M ammonium acetate was added. The cells were left for 15
minutes at 4 °C, then centrifuged at top speed (14,500 rpm) in an Eppendorf™ MiniSpin™ plus
Benchtop Centrifuge for 15 minutes before 600 pL of the supernatant was recovered. Isopropanol
(360 pL) was added to the recovered supernatant in a fresh 1.5 mL microcentrifuge tube, mixed

vigorously, and the DNA was left to precipitate for 5 minutes.

-55-



The samples were centrifuged again at 14,500 rpm for 10 minutes; the supernatant was discarded, and
the pellet was washed with 400 pL of 70 % ethanol. The samples were centrifuged again at 14,500
rpm for 5 minutes, the ethanol was discarded, and the samples were then incubated at 65 °C for a
further 5 minutes to ensure all residual ethanol had evaporated. The DNA was resuspended in 10 mM
Tris-Cl (pH 8.5) or sterile H20, and either heated to 50 °C for 10 minutes and mixed via pipetting, or
left overnight at 4 °C to allow the DNA to dissolve.

A PCR (25 L reaction) using the primers ASN2-F2 and ASN2-1R (10 uM) and the 2 x Q5 buffer
(New England Biolabs, Hitchin, UK) was set up to amplify the targeted region of TaASN2.

2.3.11. TOPO-cloning for the detection of edits in protoplast DNA

The PCR amplicons of the first exon of TaASN2 extracted from the transformed protoplast population
were inserted into the plasmid vector pCR™-Blunt II-TOPO™ using the Zero Blunt™ TOPO™ PCR
Cloning Kit (Thermo Fisher Scientific, Hemel Hempstead, UK), as per the manufacturer’s protocol,
with 4 pL of amplicon, 1 uL of salt solution and 1 pL of PCR™-BLUNTII -TOPO™. Integration of
the PCR amplicon disrupted the lethal ccdB gene present in the plasmid vector, allowing for selection
of cells carrying recombinant plasmids.

The reaction was incubated at room temperature for 5 minutes and then placed on ice and used to
transform One Shot™ E. coli cells following a heat-shock procedure (above). The cells were grown
on YT medium containing kanamycin (100 pg/mL) and incubated overnight at 37 °C. Nucleotide
sequence analysis of the plasmids was carried out using the M13 Forward and M13 Reverse primers
provided with the Kit.

2.4. Chapter 5 materials and methods

2.4.1. Plant Transformation

The transformation of immature cv. Cadenza embryos was performed by Lucy Hyde at the Cereal
Transformation Group at Rothamsted Research (caroline.sparks@rothamsted.ac.uk). Three plasmids
(pPRRes209.481.ASN2, pRRes217.486 and pRRes111.1) were co-bombarded into the embryos
through biolistic bombardment using a ‘Gene Gun’ (PDS-1000/He; Bio Rad, UK). The embryos were
transferred to a selective medium containing phosphinothrycin after one week and then transferred to
fresh medium every two weeks until the plants were established. The plants were then transferred to
seed trays, with a cell size of height 5 cm x width 4.5 cm x length 4.5 cm and grown in a containment

glass house.
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2.4.2. Nucleotide sequence analysis

The nucleotide sequence analysis of the two TO samples was performed by the Eurofins Custom DNA
Sequencing service (Wolverhampton, UK), which uses Sanger sequencing.

2.4.3. TILLING population

The methods used with the TILLING population have been published on http://www.wheat-

tilling.com/ under ‘Additional resources and documentation of the website and populations’.

The http://www.wheat-tilling.com/ website was searched using the cv. Cadenza cDNA sequences for
the TaASN2 genes (TraesCAD_scaffold_023055_01G000100,

TraesCAD _scaffold 036944 01G000100 and TraesCAD_scaffold 017129 01G000200 in the
TGAC_cadenza, INSDC Assembly GCA_902810645.1, Dec 2015, accessed on Ensembl Plants). The
output was downloaded and searched for mutations causing the formation of in-frame stop codons
because these mutations are most likely to render the gene dysfunctional. The mutations were input
into Geneious (software package 10.1.3 (Kearse et al., 2012)) and assessed. Mutations towards the 5’
end of the gene were preferentially chosen, and homozygous lines were chosen over heterozygous

lines.

2.5. Chapter 6 materials and methods

2.6.1. Next Generation Sequencing nucleotide sequence analysis

Next Generation Sequencing (MiSeq v2 2x250 bp Nano; Illumina TruSeqg® Nano DNA) and analysis
was performed at the University of Bristol by the Bristol Genomics Facility and Paul Wilkinson.

The editing target region of the TaASN2 gene was amplified from leaf DNA by PCR using primers 5’-
GTAGAGCCAAGCCATTCCTG and 5’- GCGATGACCTCGCAGTCAC. Adapters comprising 4
bps were added at the 5° end to act as barcodes, with a unique barcode for each plant (Table 2.5).
NGS was performed using a MiSeq v2 Benchtop Sequencing System (lllumina, Cambridge, UK) at
the Bristol Genomics Facility (University of Bristol) using TruSeq DNA Nano Kits and MiSeq
Reagent Kits v2 Nano (Illumina). The adaptors allowed for multiplexing in the NGS analyses because

reads could be assigned to each plant using the barcodes.

PANDAseq version 2.11 (Masella et al., 2012) was used to assemble the original fastq paired reads
into contigs and demultiplexed by plant using a bespoke perl script. The fasta file generated for each
plant was aligned to the reference sequence using a Bowtie 2 build version 2.3.4.1 (Langmead and
Salzberg, 2012). A read number of less than 200 was automatically discounted as, with six
alleles’lhomeoalleles present, this would not give sufficient information on all of the TaASN2 gene

nucleotide sequences present.
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Table 2.5. Primer adaptors used in the T1 and T2 NGS analyses. The 4-base adaptors were added in
between the target primers (forward (GTAGAGCCAAGCCATTCCTG) and reverse
(GCGATGACCTCGCAGTCACQ)) and the lllumina TruSeq adaptors to allow for sample barcoding
and for the DNA to be pooled in the analysis. Fewer adaptors were used in the T2 analysis due to

fewer plants being analysed.

Forward Adaptors Reverse Adaptors
Analysis Analysis
Name Sequence T T Name Sequence T T
1 2 1 2
1F AATT X X 1R AACC X
2F ATTT X X 2R ACCC X X
3F AAAT X X 3R AAAC X X
4F TTAA X X 4R CCAA X X
5F TAAA X X 5R CAAA X X
6F TAAT X X 6R CCCA X X
7F AACC X X 7R AAGG X X
8F ACCC X 8R AAAG X X
9F AAAC X 9R GGAA X X
10F CCAA X 10R GAAA X X
11F CAAA X 11R GACA X X
12F CCCA X 12R CTGA X
13F AAGG X
14F AAAG X
15F GGAA X
16F GAAA X

2.6. Chapter 7 materials and methods

2.6.1. Plant phenotyping

Seeds were initially sown in single cells (39 x 36 mm) to allow them to germinate before they were

transferred to the growth pots (254 mm). Asparagine solution (0.1 M) was sprayed over the soil after

sowing to ensure seed germination.

The seven genome edited lines were compared to a wildtype control. The lines were arranged

following an incomplete block design, under non-radiating lights, with multiple plants in a single pot

-58 -



which was large enough to ensure that the plants were not competing for resources and that their
canopies did not compete for light. Due to some germination issues, the plants reached anthesis at
very different times and were harvested at different times. The statistical analysis was performed by
Andrew Mead (Rothamsted Research) using the GenStat statistical package (2018, 19" edition, ©
VSN International Ltd, Hemel Hempstead, UK).

The initial plan was to compare ten replicates of each genome edited line with twenty replicates of the
wildtype control. There were eighteen pots, each to contain five plants, arranged in pairs under nine
uniform light sources. Each pot would contain at least one wildtype control plant (with two pots
containing two wildtype plants). Eight replicates of the genome edited lines were allocated following
a doubly replicated balanced incomplete block design for seven treatments in fourteen blocks (pots) of
size four, so four of the seven lines were in each pot, and a wildtype control was added to each of
these pots. The remaining two replicates of each genome edited line and six replicates of the wildtype
control were allocated to four extra blocks (pots) providing as close to balance as possible with two of
these pots containing two wildtype controls. The original design was partially balanced for differences
between the nine light sources; however, errors in the pairing of the pots removed this balance.
Furthermore, one Line 99 plant unexpectedly died and was replaced with a Line 59 plant, further
impacting the design structure, and meaning that the analysis required a restricted maximum
likelihood (REML) approach for a linear mixed model. The plants were assessed for: height of tallest
tiller, tiller and ear number, above ground biomass which was portioned into the stem and the ears,

average grain weight and estimated thousand grain weight (measured from 50 seed weight).

The mean 50 seed weight for plant 15.2 (Line 99) was set to missing, to avoid incorrectly distorting
the calculation of the adjusted mean value, as the plant produced no seeds. It was noted that the plant
was particularly small, although not the smallest plant, and potentially unrepresentative of the growth
response; however, the plant seemed to follow normal development, forming three ears (which
contained no seed), and so the observed values were retained for the other variables. Another plant
(plant 2.4; WT) showed incomplete ear filling, resulting in a zero top seed weight section, and this

value was also set to missing.
2.6.2. Amino acid analyses in the T2 seed

Dried T2 seeds from the chosen lines were weighed and then ground to a fine powder under liquid
nitrogen using a mortar and pestle. Pre-chilled solution A (500 mL methanol, 200 mL chloroform,
200 mL water) was added to the sample, using 1 mL of solution A for every 50 mg of tissue obtained,
then the solution was vortexed and left on ice for 30 minutes. The sample was then vortexed and
centrifuged at 14000 rpm for 2 minutes. The supernatant was extracted and placed on ice. The pellet
was re-extracted with cold Solvent Mix B (500 mL methanol, 500 mL chloroform). The resuspended

pellet was vortexed and then left on ice for a further 30 minutes. This was then vortexed again and
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centrifuged at 14000 rpm for 2 minutes. The two supernatants were combined and then the aqueous

and organic phases were separated by the addition of chilled water.

The two phases were placed in separate tubes and the samples were re-centrifuged. The aqueous phases
were carefully transferred into fresh tubes and stored at -80 °C. The free amino acids were then analysed
by Curtis Analytics (Rothamsted Research Campus, Harpenden, UK). The samples were derivatised
using an EZfaast Amino Acid Analysis Kit (Phenomenex, Macclesfield, UK). Gas chromatography-
mass spectrometry (GC-MS) analysis of the derivatised samples was carried out using an Agilent 6890
GC-5975-MS system (Agilent, Santa Clara, CA) in electron impact mode, as described previously
(Curtis et al., 2018b; Elmore et al., 2005). The data were generated using the Agilent Chem Station
Data analyses application.

2.6.3. Amino acid analyses in the T3 seed

The T3 amino acid analysis was also performed by Curtis Analytics but High Performance Liquid
Chromatography (HPLC) was used due to a change of procedure at the analytical laboratory. The T3
grain was milled to wholemeal flour using a coffee grinder and 0.5 g of flour was used for each
analysis. Free amino acids were extracted as described by Curtis et al. (2018b) (based on a method
outlined by Noctor and Foyer in 1998), derivatised with o-phthalaldehyde (OPA) and analysed by
HPLC. An HPLC Agilent 1100 (Agilent Technologies, US) was used, equipped with a
Kinetexcolumn (2.6 um XB-C18 100 A LC Column 150 x 4.6 mm; Phenomenex, UK) with an FLD
detector (Agilent G1321D) to detect amino acids (using an excitation wavelength of 340 nm and

emission wavelength of 455 nm).

The OPA reagent (15 pL) and the sample (10 pL) were mixed in the injection needle, and allowed to
react for 1 minute, before injecting on to the column. Eluents were (A) 80 % 50 mM sodium acetate
(pH 5.9) in 19 % methanol and 1 % tetrahydrofuran (THF) and (B) 80 % methanol in 20 % 50 mM

sodium acetate (pH 5.9) at 0.8 mL/minute flow rate.

The column was heated to 30 °C and the total run time was 46 minutes, with the following run
conditions: eluent A 100 %, 0 - 1 minutes; eluents A (90 %) and B (10 %), 6 - 11 minutes; eluents A
(55 %) and B (45 %), 16 - 20 minutes; eluent B (100 %), 32 - 40 minutes; eluent A (100 %), 41 - 46
minutes. The data were obtained and analysed using Chemstation32 (v. B.04.03; Agilent

Technologies).
2.6.4. Cas9 integration

The integration of the Cas9 gene was assessed by PCR amplification. The 2x ReddyMix PCR Master
Mix (Thermo Fisher Scientific, Hemel Hempstead, UK) was used, following the manufacturer’s

instructions, with an annealing temperature of 57 °C and 100 ng/pL plant DNA. The primers were
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UbiPro4 (5>-TTTAGCCCTGCCTTCATACG) and Cas9-SR1 (CACCTTCGCCATCTCGTTGC). The
Cas9-containing plasmid (pRRes.486), which was originally used to transform the isolated embryos,
was used as the control in the PCR. The PCR was performed on DNA extracted from leaf samples.
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Chapter 3

Genomic Analysis of the Asparagine Synthetase Genes
of Wheat and Other Cereals

Foreword

Parts of the work described in this chapter have been published in the following papers:

Xu, H., Curtis, T.Y., Powers, S.J., Raffan, S., Gao, R., Huang, J., Heiner, M., Gilbert, D.R.
and Halford, N.G., 2018. Genomic, biochemical, and modeling analyses of asparagine

synthetases from Wheat. Frontiers in Plant Science, 8, p.2237.

Curtis, T.Y., Raffan, S., Wan, Y., King, R., Gonzalez-Uriarte, A. and Halford, N.G., 20109.
Contrasting gene expression patterns in grain of high and low asparagine wheat genotypes in
response to sulphur supply. BMC Genomics, 20(1), p.628.

Raffan, S. and Halford, N.G., 2021. Cereal asparagine synthetase genes. Annals of Applied
Biology, doi: 10.1111/aab.12632.
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3.1. Introduction

The development of crop varieties with reduced acrylamide-forming potential may enable the food
industry to comply with regulations without costly changes to manufacturing lines or reduced product
quality. This is discussed in detail in Chapter 1. In the case of wheat and other cereals, this means
varieties with reduced and more consistent free asparagine concentration in the grain. There is,
therefore, a need for greater knowledge and understanding of the genetic control of asparagine
synthesis, accumulation and breakdown. A network of genes, enzymes and other factors involved in
asparagine metabolism has been constructed (Curtis et al., 2018a), and at the centre of that network is
asparagine synthetase, the enzyme that catalyses the transfer of an amino group from glutamine to

aspartate to produce glutamate and asparagine.

3.1.1. Development of nucleotide sequencing technologies for reference

genomes

With the advent of new and improved nucleotide sequencing technology, there is now a wealth of
genomic information available, such as genetic maps and high-quality reference genomes. This has
opened up new avenues in understanding the evolution and domestication of crops, become a useful
tool in plant breeding and allowed for targeted crop improvement. Reference genomes, from genome
sequence assemblies, underpin much of modern crop research. Historically, the large size, repeat-rich
structure and polyploid nature of many crop genomes have made constructing these genome sequence
assembles very difficult. However, the rapid improvements in genome sequencing technologies and

bioinformatics in recent years have now made it feasible.

Early genome projects used bacterial artificial chromosomes (BACs) and Sanger sequencing. BACs
were F-plasmid-based DNA constructs with an insert size typically of 150 - 350 kbp. This was a
difficult and time-consuming process even for relatively small genomes, such as the human genome.
Consequently, it was not attempted with many plant species and, when it was, it required a
collaborative approach, with the focus on the genomes of key crops (rice (Sasaki et al., 2005), maize
(Schnable et al., 2009), wheat (Choulet et al., 2014), and barley (Schulte et al., 2009), for example).
The development of next generation sequencing (NGS) and computational technologies led to very
high throughput, short read sequencing, with lllumina sequencing adopted in 2010 (Li et al., 2010; Li
and Homer, 2010), and an increase in the number of plant genomes generated (e.g. amaranth (Clouse
et al., 2016), squash (Sun et al., 2017), raspberry (VanBuren et al., 2016), carrot (lorizzo et al., 2016),
and 12 species of the Oryza genus (Jacquemin et al., 2013)).

NGS technologies made it feasible to sequence the whole genomes of the large-genome cereals, but
initial attempts to generate contig assemblies using only short reads were not particularly successful

(Chapman et al., 2015; International Wheat Genome Sequencing Consortium et al., 2014; Mayer et
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al., 2012), with short-read sequencing mainly being used for linkage maps (Huang et al., 2009;
Mascher et al., 2013), physical maps (van Oeveren et al., 2011), and chromosome-specific sequences
(Mayer et al., 2009) in these species. The generation of the short reads was costly and the
bioinformatics assembly methods were lacking, making it an unattractive proposition. The first high-
quality cereal genome reference sequence, or reference sequence for any repeat-rich polyploid plant
genome for that matter, was an emmer wheat (Triticum dicoccoides; also known as Triticum turgidum
subsp. dicoccoides) assembly that was constructed from Illumina sequencing data (Avni et al., 2017).
Multiple paired-end reads were used, where the library fragments are read from both ends, alongside
mate-pair libraries, which provides longer reads, and chromosome-conformation capture, which
crosslinks the DNA to give information on the chromatin structure. This was possible due to
improved methods in library preparation, which allowed for uniform genome representation (Aird et
al., 2011), improved Illumina technology and greatly decreased cost of sequencing, underpinned by
developments in the scaffold construction software. A scaffold is constructed from contigs (long

continuous stretches of sequence) that have been assembled together.

The development of long read (> 10 kbp) sequencing technologies, such as those from PacBio or
Oxford Nanopore, reduced the difficulty of genome assemblies; however, this came at a cost of
reduced sequence accuracy (Koren et al., 2012). Some plant genomes have been reassembled using
these methods (e.g. maize (Jiao et al., 2017); tomato wild relative (Schmidt et al., 2017)); however,
correction with short reads may still be required. A combination of long and short read sequencing
data was used to reconstruct the wheat (Triticum aestivum) and goat grass (Aegilops tauschii)
genomes (Zimin et al., 2017; Luo et al., 2017b), and this proved to be an effective method to provide
highly accurate assemblies. However, this was only possible because of computational developments

that enabled the immense computational requirements to be met (Zimin et al., 2017).

Sequencing technology has continued to develop considerably in the last few years. Contigs of
megabase-scale contiguity are now possible and many methods now exist to correct sequence
assemblies (Lam et al., 2012; Zheng et al., 2016a; Lieberman-Aiden et al., 2009). This is important

because complete, contiguous and annotated reference sequences are critical in supporting research.
3.1.2. Use of the wheat reference sequence in research and breeding

Genomic tools are particularly important in plant breeding and crop improvement. Plant breeding is
conducted on the genome-wide scale, with each cross bringing large changes in the genome-wide
networks that underpin complex traits of interest, such as yield, disease protection and quality.
Development can be limited by lack of knowledge of the underlying molecular biology, especially
when phenotypic traits, the basis for most selection, rely on the expression of multiple loci or are
affected by environmental factors, and by the interactions of genetic and environmental factors (G x

E). Nevertheless, the identification of potential candidate genes can allow for accurate selection and
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trait development. The discovery of novel single nucleotide polymorphisms (SNPs) is critical in
marker-assisted selection programmes and genomic resources are invaluable in favourable trait
detection. Access to a fully annotated reference sequence has increased the understanding of
important traits in many plant and animal species (reviewed by Hickey et al., 2017).

Wheat has been particularly difficult to produce a high-quality reference sequence for, due to the large
allopolyploid nature of its genome, with the wheat genome being over five times larger than the
human genome and highly repetitive (International Wheat Genome Sequencing Consortium, 2014;
Appels et al., 2018; Alaux et al., 2018), containing over 85 % repetitive DNA. The International
Wheat Genome Sequencing Consortium has been working on wheat since 2005, recently generating
an annotated reference genome (IWGSC RefSeq v1.0) with all the chromosomes structurally
organised (Appels et al., 2018). This provides the foundation for the improved understanding of wheat
molecular biology, allowing for new DNA marker platforms to be developed, as well as targeted
breeding technologies, such as genome editing (reviewed in Chapter 1).

3.1.3. The importance of reference sequences in genome editing

CRISPR/Cas9 is an effective tool for genome manipulation and for generating mutants. However, it
requires precise targeting through the gRNA guide sequence and the presence of a PAM sequence, in
this case NGG (Cong et al., 2013). The genomic sequence of the target gene is required, with a
knowledge of the intron/exon structure of the gene so that exons can be targeted, rather than introns
where the edits are likely to have little to no effect, making sure that the target site does not lie over an
intron. Furthermore, if a perfect match is to be designed to the target site, the sequence of the variety
to be used is preferable to ensure there are no unexpected single nucleotide polymorphisms. Since cv.
Cadenza is the preferred variety for biolistic transformation of Triticum aestivum at Rothamsted, with
one of the highest transformation efficiencies (Sparks and Jones, 2009), the genes needed to be
investigated using a cv. Cadenza reference sequence which was assembled by the Grassroots
Infrastructure project (Bian, et al., 2017; Gardiner et al., 2019; Krasileva et al., 2017).

3.1.4. Expression analysis of the TaASN genes

Expression analysis is important to understand the roles of different genes in different tissues and the

complex regulatory networks involved in specific biology processes.

Free asparagine accumulates in many plant tissues in response to a range of abiotic and biotic stresses,
as well as during normal physiological processes such as seed germination (Lea et al., 2007). It was
known that the TaASN genes were differentially expressed in plant tissues (Gao et al., 2016) and that
free asparagine accumulates in wheat grain in response to sulphur deficiency (Muttucumaru et al.,
2006; Curtis et al., 2009; Curtis et al., 2010; Curtis et al., 2018b; Granvogl et al., 2007) and poor
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disease control (Curtis et al., 2016). There are also substantial differences in the free asparagine

concentration of grain from different wheat varieties and genotypes (Curtis et al., 2018b).

In the present study, an RNA-seq dataset was analysed to investigate the expression of the different
wheat asparagine synthetase genes in embryo and endosperm. The dataset had been produced by Dr
Tanya Curtis (Rothamsted Research) to compare two wheat genotypes, variety Spark and a doubled
haploid line, SR3, from a Spark x Rialto mapping population (Snape et al., 2007), grown under
conditions of sulphur sufficiency and deficiency. Developing seeds had been sampled at 14 and 21
days post anthesis (dpa). The two varieties have differing free asparagine concentrations, with SR3

showing a lower concentration of free asparagine in the grain than Spark (Curtis et al., 2009).
3.1.5. The ASN gene families

The wealth of genomic information available and the high quality of the genome assemblies allow for
genome mining and the investigation of gene families in silico. In fact, the in-silico characterisation of
gene families, often complimented by expression data, has become widespread and routine when
investigating the role of a gene (for example, RBOH genes in fruit trees (Cheng et al., 2019); BES1 in
soybean (Li et al., 2019); DGAT in oil palm (Rosli et al., 2018)). Negative phenotypes have been seen
in asn mutants in other plant species, meaning that characterising the ASN genes, in Triticum aestivum

specifically, but across a range of cereal species, was particularly important.

In potato, for example, a genetically modified variety was developed with reduced asparagine
synthetase gene expression in the tubers (Chawla et al., 2012). Potato has two ASN genes, StASN1 and
StASN2 (Rommens et al., 2008). The simultaneous silencing of both genes in the tuber through RNA
interference produced potatoes with cracked and small tubers when placed in the field (Chawla et al.,
2012), although no phenotypic effects were observed in the glasshouse trials (Rommens et al., 2008).
Tuber specific RNAi was picked because it was already known that ASN genes were important in
photorespiration (Ta et al., 1985) in peas and ammonium detoxification (Wong et al., 2004) in the

leaves of Arabidopsis.

Rice also has two asparagine synthetase genes (Watanabe et al., 1996; Nakano et al., 2000; Sakai et
al., 2013), OsASN1 and OsASN2. The genes show differing expression patterns, with OsASN1
expression mainly confined to the roots and OsASN2 expressed in the leaves (Ohashi et al., 2015).
Luo et al. (2019) showed that OsASNL1 is involved in rice development, including tiller outgrowth.
The functional knock-out of the OsASN1 gene resulted in decreased asparagine concentrations
throughout the plant, reduced growth and a reduction in tiller bud development. The expression of
many other genes in the asparagine metabolism pathway was affected. Notably, OsASN2 expression

was significantly higher in the osasnl mutant, presumably a result of the low levels of asparagine and
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a compensation mechanism in the plant. The expression of other asparagine metabolism genes,

including genes involved in glutamine and glutamate transformation, declined in the mutant plants.

The cDNA sequences had been discovered for TaASN1, TaASN2 and TaASN3 (Genbank BT009245,
BT009049 and AK333183, respectively) prior to this study, but little was known about the TaASN4
sequence (Gao et al., 2016). Gao et al. (2016) examined the expression of TaASN1, TaASN2 and
TaASN3 and showed TaASN2 to be the most highly expressed in the grain, making TaASN2 the
logical target for genetic interventions. TaASN1, however, was shown to be the most environmentally
responsive (Gao et al., 2016; Wang et al., 2005; Curci et al., 2018). Very little was known about the
expression of TaASN4 (Gao et al., 2016).

3.1.6. Chapter Aims

This Chapter describes a genomic analysis of the asparagine synthetase gene families not only of
bread wheat (Triticum aestivum) and its close relatives but also other cereals: barley (Hordeum
vulgare), rye (Secale cereale), brachypodium (Brachypodium dystachion), maize (Zea mays),
sorghum (Sorghum bicolor) and rice (Oryza sativa). The aim was to determine how the asparagine
synthetase gene family was organised in the different cereal species and how it had evolved. The
results may also be useful in explaining the differences in free asparagine levels in the different
species as data on that become available. They will also inform strategies for genetic interventions to
reduce free asparagine levels in the different species, including how ‘transferable’ the technology

used in this project is likely to be.

The RNA-seq analysis aimed to confirm that TaASNZ2 is the appropriate target for the genetic
interventions leading to grain-specific reduction in free asparagine concentration in wheat, and
whether additional targets would be needed for the effective reduction of asparagine accumulation.
The analysis was also required to properly interpret any results gained from the genome editing
interventions. If there was no phenotype, then the expression analysis would be needed to explain why

this was, in the context of the underlying molecular network.

3.2. Results

3.2.1. Investigating the TaASN genes in cv. Chinese Spring and cv. Cadenza

The ASN gene family was investigated in both wheat (Triticum aestivum) cv. Chinese Spring (NR
Gene v4 and IWGSC RefSeq v1.0 (Alaux, et al., 2018) and cv. Cadenza (NR Gene v4). The presence
of five ASNs (Gao et al., 2016), TaASN1-4, with a double copy of TaASN3, per genome was
confirmed, with a total of 14 TaASNs in Chinese Spring (NR Gene v4) and 15 in Cadenza.
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The cDNA sequences of TaASN2 (Genbank BT009049), TaASN1 (Genbank BT009245) and TaASN3
(Genbank AK333183) were used to BLAST the NR Gene v4 and IWGSC RefSeq v1.0 Chinese
Spring reference databases to identify the total number of TaASN genes and assess their similarity, as
well as their corresponding gene positions.

Table 3.1. Current Gene IDs in the Ensembl database for the wheat (Triticum aestivum) cv. Chinese

Spring asparagine synthetase genes (PLANT _T. aestivum_NRgene_v0.4_scaf).

Gene name Gene ID in Emsembl Position on forward strand

A TraesCS5A02G153900 Chromosome 5A: 331,398,338-331,403,028
TaASN1 B TraesCS5B02G152600 Chromosome 5B: 281,836,802-281,840,213
D TraesCS5D02G159100 Chromosome 5D: 247,610,358-247,613,753

TaASN2 A TraesCS3A02G077100 Chromosome 3A: 47,847,824-47,852,130

D TraesCS3D02G077300 Chromosome 3D: 37,774,235-37,785,576
A TraesCS1A02G382800 Chromosome 1A: 553,535,726-553,542,082
TaASN3.1 B TraesCS1B02G408200 Chromosome 1B: 635,920,024-635,926,285
D TraesCS1D02G390500 Chromosome 1D: 461,902,232-461,908,026
A TraesCS1A02G422100 Chromosome 1A: 577,840,627-577,846,994
TaASN3.2 B TraesCS1B02G453600 Chromosome 1B: 669,754,736-669,761,058
D TraesCS1D02G430300 Chromosome 1D: 481,384,495-481,389,740
A TraesCS4A02G109900 Chromosome 4A: 133,453,278-133,457,252
TaASN4 B TraesCS4B02G194400 Chromosome 4B: 417,737,785-417,741,607
D TraesCS4D02G195100 Chromosome 4D: 338,823,037-338,827,058

The chromosomal positions and the Ensembl gene IDs are given in Table 3.1. TaASN1, TaASN2, and
TaASN4 were all found to be single copy genes, located on chromosomes 5, 3, and 4, respectively, of
each genome (A, B, and D), except that TaASN2 was not present in the B genome of Chinese Spring.
Analysis of the Cadenza genome showed that not all wheat varieties lack a TaASN2 gene on
chromosome 3B as Cadenza possesses all three homeologues of the TaASN2 gene. In the case of
TaASN3, there were two copies on chromosome 1 of each genome, indicating a recent gene
duplication event, and these have been annotated as TaASN3.1 and TaASN3.2 (Xu et al., 2018). In
other words, cv. Cadenza was shown to contain five ASN genes per genome, TaASN1, TaASN2,
TaASN3.1, TaASN3.2 and TaASN4, but the cv. Chinese Spring B genome had only four because it
lacked TaASN2.

The structures of the genes are shown (Figure 3.1), illustrating the considerable divergence of
intron/exon patterns between the different genes, but conservation of structure within each group of

homeologues.
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Figure 3.1. Diagrammatic representation of the gene structures of TaASN1, TaASN2, TaASN3.1,
TaASN3.2, and TaASN4, based on the wheat (Triticum aestivum) cv. Chinese Spring reference
sequence (PLANT _T. aestivum_NRgene_v0.4_scaf).

The three TaASN1 homeologues, on chromosomes 5A, B, and D, are the shortest at approximately 3
kbp from the ATG translation start codon to the translation stop codon, including 12 exons. The two
TaASN2 homeologues are approximately 4 kbp in length, with 11 exons, and the three TaASN3.1 and
TaASN3.2 homeologues just over and just under 6 kbp, respectively, making them the longest group.
The two TaASN3 genes share a similar intron/exon pattern, with 15 exons. The three TaASN4
homeologues are just under 4 kbp in length, with 12 exons, except that the TaASN4 gene on
chromosome 4B lacks exon 8. Clearly, this deletion may affect the activity of the enzyme encoded by
the gene. The relatively simple structure of the gene family meant that genetic interventions to reduce
free asparagine accumulation and thereby acrylamide-forming potential in wheat grain were more

likely to be successful.
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An additional gene, with all three homeologues, was identified when the INSDC Assembly
GCA_900519105.1 (Ensembl) was searched for genes containing an asparagine synthetase domain
using the InterPro asparagine synthetase domain IPR001962. The homeologues
TraesCS5A02G081800, TraesCS5B02G084600 and TraesCS5D02G090800, were identified on
chromosomes 5A, 5B and 5D, respectively; however, the gene was shown not to be an asparagine

synthetase and the function of the protein encoded by this gene is not known (section 3.5.2).
3.2.2. RNA-Seq analysis

The study involved the analysis of a dataset that was already available (Curtis et al., 2019). Two
genotypes, variety Spark and doubled haploid line SR3 from a Spark x Rialto mapping population,
had been grown under glass with sulphur supplied or not supplied. Embryo and endosperm tissue had
been sampled at 14 and 21 days post anthesis (dpa) and gene expression analysed in the two tissues by
RNA-seq. The analysis was performed in collaboration with Robert King and Asier Gonzalez-Uriarte
of the Computational and Analytical Sciences Department at Rothamsted Research. Consistent with
previous research (Gao et al., 2016), higher levels of total asparagine synthetase gene expression were
seen in the embryo than in the endosperm (> 10-fold difference) (Figure 3.2). TaASN2 was confirmed
to be the most highly expressed TaASN gene in the grain, in both the embryo and the endosperm, in
both sulphur conditions and at both timepoints. In fact, the TaASN2 gene accounted for over 2/3 of the
total TaASN gene expression, despite the lack of the B genome allele, which is absent in both Spark
and SR3 (all the reads could be assigned to the A or D genome homeologue), as is seen in Chinese
Spring (Xu et al., 2018). The A genome gene was shown to be the more highly expressed homeologue
of TaASN2 (> 3-fold difference compared to the D genome gene) in both genotypes, at both
timepoints and for both sulphur conditions, with the A genome alone accounting for more than half
the total TaASN gene expression. This led to the hypothesis that targeting only the A genome
homeologue may be enough to reduce asparagine accumulation in the grain whilst reducing the risk of
negative phenotypic effects that might be caused by a full-gene knock-out (Luo et al., 2019; Chawla
etal., 2012).
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Figure 3.2. Expression levels (FPKM) of the TaASN genes in the embryo and endosperm of the grain
of genotypes, Spark and SR3, grown with or without sulphur. a) Embryo, 14 dpa. b) Endosperm, 14
dpa. c) Embryo, 21 dpa. d) Endosperm, 21 dpa. Significant differences are seen in the TaASN1 5D
homeologue (p =0.0478) and both TaASN2 homeologues (p = 0.038 and 0.047 for the A and D
respectively) in SR3 in the embryo at 21 dpa; and the two TaASN2 homeologues (p < 0.001 for both)
and the A and D homeologues of TaASN1 (p < 0.001 and p = 0.0012 respectively) in the endosperm
of SR3 at 21dpa.
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The dataset also revealed differences in the expression of the TaASN1 homeologues, with the B
genome gene showing lower expression levels than the other homeologues. TaASN3.1 showed higher
levels of expression than TaASN3.2, and it was the second most highly expressed TaASN gene in both
tissues at 21 days. TaASN4 showed very low levels of expression in all the samples.

Variety Spark has been shown to have a higher concentration of free asparagine in the grain than SR3
(the concentration in SR3 being lower than either parent of the mapping population, Spark or Rialto)
(Curtis et al., 2009) and this might be explained by the higher TaASN2 gene expression in Spark at 14
dpa. The response to sulphur deficiency was complex, with neither genotype showing a significant
sulphur response at 14 dpa. However, a response to sulphur deficiency was seen in SR3 at 21 dpa,
with the D genome TaASNL1 increasing in expression (and A genome in the embryo only), and both
TaASN2 homeologues showing increased expression in both tissues.

The analysis was widened to focus on other genes involved in asparagine synthesis, turnover and
accumulation (Curtis et al., 2018), with the aim of understanding the role of sulphur in asparagine
metabolism and the differences between the genotypes. Under sulphur sufficient conditions, the genes
encoding enzymes of nitrogen assimilation were shown to be more highly expressed in Spark than
SR3. In the embryo of SR3, glutamine synthetase gene expression increased in response to sulphur
deficiency and asparaginase gene expression decreased. The genes encoding SnRK1 and GCN2,
regulatory protein kinases which regulate asparagine synthetase gene expression (Baena-Gonzalez et

al., 2007; Byrne et al., 2012), were also shown to respond to sulphur deficiency.

This highlights other potential targets for genetic interventions into asparagine metabolism; however,
TaASN2 was confirmed to be the best target for genome editing. The differential expression of the
homeologues allows for the targeting of the A genome on its own, to knockdown rather than knockout
TaASN2.

3.2.3. Phylogenetic analysis of cereal asparagine synthetase genes

3.2.3.1. The Triticeae: Bread wheat (Triticum aestivum)

Wheat is a name assigned to a number of species within the Triticeae tribe of the Pooideae subfamily
of the family Poaceae. As discussed in Section 3.3.1, the TaASN gene family of bread wheat
comprises five genes per genome (Gao et al., 2016; Xu et al., 2018) (Table 3.1). TaASN3.1 and
TaASN3.2 were confirmed as paralogues resulting from a relatively recent gene duplication (Section
3.3.1) (Xu et al., 2018).
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Figure 3.3. Similarity matrix of the TaASN genes calculated from a nucleotide alignment of the genes
generated using Geneious (Kearse et al., 2012). The values presented are the percentage of bases that

are identical, expressed to one decimal place.

The nucleotide sequence data for TaASN genes (cv. Chinese Spring; International Wheat Genome
Sequencing Consortium (IWGSC), 2018, http://plants.ensembl.org/index.html) was used to generate a
similarity matrix (Figure 3.3). The TaASN genes with the highest similarity were, unsurprisingly,
TaASN3.1 and TaASN3.2 (92.1 — 93.0 % nucleotide sequence identity). A high level of similarity was
also seen between TaASN1 and TaASN2 (84.4 - 84.6 % identity). Within the genes themselves,
TaASN1 showed the highest similarity between the homeologues, at 97.6 - 99.1 % identity, while
TaASN2 showed 96.3 % between the A and D genome homeologues. The TaASN3.1 homeologues
shared 95.4 - 96.6 % identity, with the TaASN3.2 homeologues sharing 95.7 — 96.6 % and TaASN4
sharing 95.1 - 97.6 % identity (Figure 3.3).

A phylogenetic tree was constructed from a similarity matrix generated for all the ASN genes in the
Triticeae species (Figure 3.4; matrix in supplementary file). This tree shows the assignment of the five
TaASN genes to the four ASN groups. The analysis confirmed the lack of the B genome homeologue
of TaASN2 in cv. Chinese Spring (Section 3.3.1; Xu et al., 2018). This has been observed in cv. Spark
and SR3 (Section 3.3.2; Curtis et al., 2019), suggesting that the B genome deletion of TaASN2 may be
widespread in modern wheat cultivars; however, the B genome homeologue has been shown to be
present in the cv. Cadenza genome (Chapter 4; genome data available from EnsemblPlants) so the
deletion is not universal. The presence of this deletion in modern wheat cultivars, and its effect, are

being followed up in another PhD project.
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Figure 3.4. Phylogenetic tree of the asparagine synthetase genes in Triticeae species generated from
a similarity matrix, with the Arabidopsis (Arabidopsis thaliana) gene, AtASN1, used as an outgroup
to anchor the tree. The species included are bread wheat (Triticum aestivum; genes shown with a Ta
prefix), emmer wheat (Triticum dicoccoides; Tdi prefix), durum (pasta) wheat (Triticum durum; Tdu
prefix), einkorn wheat (Triticum urartu; Tu prefix), Tausch's goatgrass (Aegilops tauschii; Aet
prefix), barley (Hordeum vulgare; Hv prefix) and rye (Secale cereale; Sc prefix). The branch labels
show the consensus support in the clade from bootstrapping, as a percentage. The scale bar represents

the length of the branches, expressed in units of substitutions per site of the sequence alignment.
3.2.3.2. The Triticea: Emmer wheat (Triticum dicoccoides)

Emmer or hulled wheat (Triticum dicoccoides, also known as Triticum turgidum subsp. Dicoccoides),
along with einkorn wheat (Triticum urartu), was widely cultivated in the ancient world. It is a
tetraploid wheat (genomes AABB) and is believed to be the wild progenitor of cultivated pasta wheat
(Triticum durum) and Triticum dicoccum (also known as Triticum turgidum subsp. Durum and
Triticum turgidum subsp. Dicoccum). It is also believed to be one of the progenitors of modern bread
wheat (AABBDD), along with Aegilops tauschii (DD) (Salamini et al., 2002; Matsuoka, 2011). The
genome assembly is based on the accession Zavitan, as genetic data were available for this genotype
(WEWSeq v.1.0, INSDC Assembly).
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Nine ASN genes were identified in Triticum dicoccoides (Table 3.2). Two genes, TRIDC5AG025640
and TRIDC5BG026790 (Ensembl reference numbers), were located on chromosomes 5A and 5B,
respectively. Only one gene was located on chromosome 3, TRIDC3AG009140 on chromosome 3A.
No B genome homeologue of this gene was identified. Two genes were located on chromosome 4,
one of chromosome 4A, TRIDC4AG015200, and a homeologue on chromosome 4B,
TRIDC4BG033760. Matching what was seen in bread wheat (Section 3.3.1; Xu et al, 2018), two
genes were located on chromosome 1A, TRIDC1AG056280 and TRIDC1AG062090, and two genes
were located on chromosome 1B, TRIDC1BG064720 and TRIDC1BG071210.

Table 3.2. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues
of the nine ASN genes identified in Triticum dicoccoides.

Gene name Gene ID Wheat orthologue
e v —
TdiASN2 TRIDC3AG009140 TaASN2 A
roasng1 [ TRIDCLAGUSOZE0 | r s, A
ToiAsNg2 | TRIDCIAGUE200 | p gy, A
T

The TdiASN genes show the same grouping as the TaASN genes (Figure 3.4), and were named
according to the groups they fell into. The genes on chromosome 5 were identified as TdiASN1s, the
gene on chromosome 3A was designated a TdiASN2, and the genes on chromosome 4 were designated
TdiASN4 genes (Raffan and Halford, 2021; Table 3.2). The genes on chromosome 1 were identified
based on their similarity to the TaASN3 genes, with TRIDC1AG056280 and TRIDC1BG064720 as
TdiASN3.1 and TRIDC1AG062090 and TRIDC1BG071210 as TdiASN3.2. Only one TdiASN2 gene
was identified, with the B chromosome homeologue missing in the database. As stated above, the B
genome version of TaASN2 is missing in some bread wheat varieties but present in others. Since
Triticum dicoccoides is regarded as the A and B genome progenitor of bread wheat, it is somewhat

surprising that a B genome TdiASN2 could not be identified.

An alignment matrix was generated for the TaASN and TdiASN genes (Figure 3.5). This highlighted
the close evolutionary history between the species, with 100 % identity shown between TdiASN2 and
the chromosome 3A homeologue of TaASN2. The A genome homeologues of TdiASN1 and TaASN1
shared 99.5 % identity, with the B genome homeologues sharing 99.7 %. The A and B TdiASN1 genes
shared 97.3 % and 99.2 % identity, respectively, with the chromosome 5D TaASN1, which is
comparable to what is seen between the TaASN1s (97.6 - 99.1 %). The TdiASN1 A and B genome
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homeologues share 83.8 — 84.1 % identity to the TaASN2 genes, and the TdiASN2 gene shows 84.3 —
84.4 % identity to the TaASN1 genes.

The comparison of the TdiASN3 and TaASN3 genes showed 99.5 % and 100 % identity for the A and

B genome genes, respectively, with the TdiASN3.1 genes showing lower similarity to the TaASN3.1 D
homeologue (95.4 - 96.6 %). The A and B genome ASN3.2 genes showed 99.6 % and 98.1 % identity,
respectively, when compared to their TdiASN counterparts, and 95.4 % and 95.2 % when compared to
the D genome TaASN3.2. The TdiASN4 genes showed 99.2 % (A genome) and 99.6 % (B genome) to
their respective TaASN4 counterparts, and 97.3 — 97.7 % identity to the D genome TaASN4

homeologue.
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3.2.3.3. The Triticea: Pasta wheat (Triticum durum)

Cultivated pasta wheat (Triticum durum; also known as Triticum turgidum subsp. Durum) is
considered to be the descendant of emmer wheat and is also a tetraploid (AABB) species (Peng et al.,
2011). The reference sequence is based on the variety Svevo (Svevo.vl, INSDC Assembly
GCA_900231445; Maccaferri et al., 2019), and the Svevo x Zavitan genetic map was used to order
and orient the scaffolds.

Table 3.3. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues

of the ten ASN genes identified in Triticum durum.

Gene Name Gene ID Wheat orthologue

TduASN1 TRITD5Av1G114980 TaASNL A
TduASN1 TRITD5Bv1G097460 B
TduASN2 TRITD3Av1G021350 TaASN2 A
TduASN2 TRITDOUv1G024260 B
TduASN3.1 TRITD1Av1G215640 A
TduASN3.1 TRITD1Bv1G207110 TaASN3.1 B
TduASN3.2 TRITD1Av1G222870 A
TduASN3.2 TRITD1Bv1G220260 TaASN3.2 B
TduASN4 TRITD4Av1G053230 TaASN4 A
TduASN4 TRITD4Bv1G119970 B

Two ASN genes were previously characterised in Triticum durum (Curci et al., 2018), whereas this
analysis identified ten ASN genes (Table 3.3). Two genes were identified on chromosome 5,
TRITD5Av1G114980 and TRITD5Bv1G097460 (Ensembl reference numbers), which were located
on chromosomes 5A and 5B, respectively. These genes were designated as TAUASN1 genes. Two
genes were located on chromosome 4, one on chromosome 4A, TRITD4Av1G053230, and a
homeologue on chromosome 4B, TRITD4Bv1G119970. These genes were called TAUASN4. Two
genes were located on chromosome 1A, TRITD1Av1G215640 and TRITD1Av1G222870, and two
genes were located on chromosome 1B, TRITD1Bv1G207110 and TRITD1Bv1G220260. The
TRITD1Av1G215640 and TRITD1Bv1G207110 were identified as TduASN3.1, and
TRITD1Av1G222870 and TRITD1Bv1G220260 were identified as TAUASN3.2. One ASN gene was
identified on chromosome 3, TRITD3Av1G021350 on chromosome 3A; however, an unassigned
gene, TRITDOUv1G024260, was identified as the chromosome 3B homeologue as it showed 91.0 %
identity to TRITD3Av1g021350 (Figure 3.6). All of the genes identified, except for
TRITDOUv1G024260, the B genome TduASN2, were already annotated as encoding asparagine
synthetases in the Ensembl database.

The TduASN1 A and B homeologues shared 97.4 % identity with each other, and both shared 99.8 %
identity to their respective counterparts in hexaploid wheat (Figure 3.6). The B genome version of
TduASN1 showed 99.2 % identity to the D genome version of TaASN1, with the A genome only
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showing 97.7 %. The TduASN1 genes showed 83.9 — 84.1 % identity to the TaASN2 genes. The
TduASN2 genes shared 91.4 % identity. The A genome TduASN2 showed 94.7 % identity to the A
genome TaASN2, with the unassigned gene, presumed to be the B genome homeologue, actually
showing more similarity to the A genome TaASN2 at 95.6 % identity. There was no TaASN2 B
genome homeologue to compare it to. The A and presumed B genome TduASN2 genes showed 92.0
and 96.1 % identity to the D genome TaASN2.

The A and B genome TduASN4 genes shared 92.7 % identity, showed 96.3 and 99.8 % identity to
their TaASN4 counterparts, and showed 93.3 and 96.9 % identity to the D genome TaASN4,
respectively. Two genes were identified on both chromosomes 1A and 1B. The 1A genes shared 90.7
% identity, and the 1B genes shared 92.5 % identity. TRITD1Av1G215640, on chromosome 1A,
showed greater similarity to the TaASN3.1 genes than the TaASN3.2 genes (94.3 - 98.2 % compared
with 90.5 - 91.4 %) and TRITD1Av1G222870, the second chromosome 1A gene, showed the highest
similarity to the TaASN3.2 genes (93.2 - 97.1 % compared with 92.3 - 92.9 % to the TaASN3.1 genes).
Out of the chromosome 1B genes, TRITD1Bv1G207110 showed greater similarity to the TaASN3.1
genes (94.5 - 97.7 %) than to the TaASN3.2 genes (92.5 - 94.2 %), and TRITD1Bv1G220260 showed
the reverse, with the greatest similarity shown to the TaASN3.2 genes (95.7 - 98.8 % compared with
92.3 - 92.9 %). Consequently, TRITD1Av1G215640 and TRITD1Bv1G207110 were named as the
TduASN3.1 genes and TRITD1Av1G222870 and TRITD1Bv1G220260 annotated as TAUASN3.2. The
Triticum durum genes were also compared to the Triticum dicoccoides. The orthologues all shared

over 96 % identity, which is expected given their close evolutionary history.
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3.2.3.4. The Triticea: Goat grass (Aegilops tauschii)

Aegilops tauschii, or Tausch’s goat grass or rough-spike hard grass, is a diploid wheat species (DD)
that is accepted to be the progenitor of the D-genome of bread wheat (McFadden and Sears, 1946).
The reference is based on the subspecies Aegilops tauschii subsp. strangulata (Aet v4.0, INSDC
Assembly; Luo et al., 2017b).

Table 3.4. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues
of the five ASN genes identified in Aegilops tauschii.

Gene name Gene ID Wheat orthologue
AetASN1 AET5Gv20393100 TaASN1
AetASN12 AET3Gv20170100 TaASN2
AetASN3.1 AET1Gv20919800 TaASN3.1
AetASN3.2 AET1Gv21000200 TaASN3.2
AetASN4 Aet4Gv20505300 TaASN4

Five ASN genes were identified in Aegilops tauschii, with single genes on chromosomes 3
(AET3Gv20170100), 4 (Aet4Gv20505300) and 5 (AET5Gv20393100), and two genes on
chromosome 1 (AET1Gv21000200 and AET1Gv20919800), matching the gene family organisation
seen in the other wheat species (Table 3.4). The two genes on chromosome 1, AET1Gv21000200 and
AET1Gv20919800, shared 92.7 % identity, and the genes on chromosomes 5, AET5Gv20393100, and
3, AET3Gv20170100, shared 84.5 % identity (Figure 3.7). The genes showed high levels of similarity
with the corresponding hexaploid wheat genes, with AET5Gv20393100, the gene on chromosome 5,
and AET3Gv20170100, on chromosome 3, sharing 100 % identity with the D genome homeologues
of TaASN1 and TaASN2, respectively. Aet4Gv20505300, on chromosome 4, showed 99.9 % identity
to the D genome homeologue of TaASN4. Out of two genes on chromosome 1, AET1Gv21000200
and AET1Gv20919800, the latter showed greater similarity to TaASN3.1 (99.6 % for the D genome
TaASN3.1 compared with 92.9 % for the D genome TaASN3.2), while the former showed greater
similarity to TaASN3.2 (97.4 % for the D genome TaASN3.2 gene compared with 92.7 % for the D
genome TaASN3.1).
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3.2.3.5. The Triticea: Einkorn wheat (Triticum urartu)

Triticum urartu is a diploid wheat species (AA) which is commonly believed to be the progenitor of
the A genome of both bread wheat and pasta wheat (Dvotak et al., 1993). The reference sequence is
based on the accession G1812; however, no chromosomes were assembled for this genome, only
scaffolds (ASM34745v1, INSDC Assembly; Ling et al., 2013). This meant that it was not possible to
ascertain the chromosomal positioning of the identified genes.

Eight genes were initially identified in the study: TRIUR3_05036, TRIUR3 11865, TRIUR3_15772,
TRIUR3_21196, TRIUR3_27580, TRIUR3_27838, TRIUR3_33442 and TRIUR3_34781 (Table 3.5;
Figure 3.8). The comparison of the eight genes showed that TRIUR3 11865 and TRIUR3 15772
were the most similar (80.3 %), while TRIUR3 27580 and TRIUR3_05036 also showed high
similarity (73.9 %). Three genes, TRIUR3_27838, TRIUR3_33442 and TRIUR3_34781, were much
more divergent than any of the other ASNs in the analysis. When investigated, the genes did not show
the expected intro-exon pattern (Section 3.3.1); in fact, the genes contained no introns. A BLAST
search from the NCBI database indicated the genes were of bacterial origin. The TRIUR3_34781 and
TRIUR3_33442 were identical to bacterial ASNB genes (Genbank KYP89277.1, KMV69586.1 for
TRIUR3_34781; KMV69586.1 for TRIUR3_33442) from a bacterial symbiont of Frankliniella
occidentalis (western flower thrips), and TRIUR3_27838 showed high similarity to an ASNB gene
from a Sphingobacterium (Genbank WP_116774391.1). These genes are clearly not from Triticum
urartu and are likely the result of contamination of the DNA, leaving five identifiable ASN genes
(Figure 3.4).

Table 3.5. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues

of the five ASN genes identified in Triticum urartu.

Gene name Gene ID Wheat orthologue
TuASN1 TRIUR3 11865 TaASN1
TuASN12 TRIUR3 15772 TaASN2
TUuASN3.1 TRIUR3 27580 TaASN3.1
TuASN3.2 TRIUR3 05036 TaASN3.2
TuASN4 TRIUR3 21196 TaASN4

TRIUR3_11865 was the most similar to TaASN1 (93.3 - 95.6 %), while TRIUR3_15772 was most
similar to TaASN2 (90.9 — 93.4 %) and TRIUR3_27580 was the most similar to TaASN3.1 (81.6 —
84.6 %). TRIUR3_05036 was the most similar to the TaASN3.2 genes (90.2 - 91.8 %) and
TRIUR3_21196 was most similar to TaASN4 (88.4 - 89.9 %), which matches with the expected gene

family pattern.
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3.2.3.6. The Triticea: Barley (Hordeum vulgare)

Barley (Hordeum vulgare) is a diploid species with, like its close relative, wheat, seven chromosomes

in its haploid genome. The reference sequence is based on the variety Morex (IBSC v2, INSDC

Assembly; International Barley Genome Sequencing Consortium (Mayer et al., 2012). Two ASN

genes were initially described in barley (Mgller et al., 2003), with five genes later being identified and
annotated as HVASN1 - HVASN5 (Avila-Ospina et al., 2015) (Table 3.5).

Table 3.6. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers, wheat orthologues, and
the gene names given in Avila-Ospina et al., (2015) of the five ASN genes identified in barley

(Hordeum vulgare).

Gene name Gene ID Wheat orthologue Gene name in Avila-Ospina et al.,
(2015)
HvASN1 HORVU5Hr1G048100 TaASN1 HVASN1
HVASN12 HORVU3Hr1G013910 TaASN2 HVvASN2
HvASN3.1 HORVU1Hr1G084370 TaASN3.1 HVASN3
HvASN3.2 HORVU1Hr1G092110 TaASN3.2 HvASN4
HvASN4 HORVU4Hr1G056240 TaASN4 HVASN5

Five ASN genes were identified in this analysis (Table 3.6), with one gene, HORVU3Hr1G013910 on
chromosome 3, already annotated as an ASN2 (UniProtKB Q84LAb;
https://www.uniprot.org/uniprot/Q84LA5). The other genes were present on chromosome 5
(HORVU5Hr1G048100), chromosome 4 (HORVU4Hr1G056240), with two genes present on
chromosome 1 (HORVU1Hr1G084370 and HORVU1Hr1G092110), matching the gene organisation
seen in wheat. As expected, the chromosome 1 genes shared the highest identity (92.7 %), which was
followed by the genes on chromosomes 5 and 3, which share 80.1 % (Figure 3.9). When compared to
the TaASN genes, the HYASN2 gene (HORVU3Hr1G013910) was very similar to the TaASN2 genes,
as was expected, with 91.8 and 92.3 % shared identity with the A and D genome homeologues. The
chromosome 5 gene, HORVU5Hr1G048100, showed 96.3 - 96.5 % identity to the TaASN1 genes, and
the chromosome 4 gene, HORVU4Hr1G056240, showed 94.6 - 95.3 % identity to the TaASN4 genes.
Out of the genes on chromosome 1, HORVU1Hr1G084370 was more similar to the TaASN3.1 genes
than to the TaASN3.2 genes (94.9 - 96.1 % compared with 92.0 - 92.4 %) and HORVU1Hr1G092110
was more similar to the TaASN3.2 genes than the TaASN3.1 genes (94.5 - 96.8 % compared with
92.3-92.8 %).
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3.2.3.7. The Triticea: Rye (Secale cereale)

Rye is a diploid species that diverged from wheat relatively recently, between three and seven million
years ago (Marcussen et al., 2014). The genome data are based on the inbred line, Lo7 (Bauer et

al., 2017) and was accessed at the GrainGenes website (https://wheat.pw.usda.gov/GG3/node/435).
The sequence data are presented as scaffolds, with no assembly into chromosomes, so no positional

information was available.

Table 3.7. Gene names (Raffan and Halford, 2021), the scaffold IDs from GrainGenes (Bauer et
al., 2017) and wheat orthologues of the five ASN genes identified in rye (Secale cereale).

Gene name Scaffold ID Wheat orthologue
ScASN1 370516 TaASN1
ScASN2 174491 TaASN2

ScASN3.1 3445 TaASN3.1
SCASN3.2 1245, 81708, 36651 TaASN3.2
ScASN4 527072 TaASN4

Five asparagine synthetase genes were identified in the genomic data (Table 3.7). Four of these were
each located on a single scaffold (3445, 174491, 370516 and 527072); however, one gene was located
across three scaffolds (1245, 81708 and 36651).

The highest similarity was between the gene located on 3445 and the tri-scaffold gene (92.5 %). The
genes on scaffold 370516 and 174491 shared 84.0 % identity (Figure 3.10). When compared to the
TaASN genes, it was clear that the SCASN family followed the same pattern seen in the TaASN family.
The scaffold 370516 gene is an ASN1 (97.3 - 98.1 % identity to the TaASN1 genes), the scaffold
174491 gene is an ASN2 (95.1 % and 96.1 % identity to the 3A and 3D TaASN2 genes), the scaffold
527072 gene is an ASN4 gene (94.9 — 97.0 % identity to the TaASN4 genes), and the scaffold 3445
and the tri-scaffold gene are the ASN3 genes. The scaffold 3445 gene showed greater similarity to the
TaASN3.1 genes than the TaASN3.2 genes (95.9 - 97.6 % compared to 92.4 - 92.9 %), while the tri-
scaffold gene showed greater similarity to the TaASN3.2 genes than the TaASN3.1 genes (95.5 - 97.7
% compared to 92.5 - 93.1 %).
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3.2.3.8. Brachypodium (Brachypodium distachyon)

Brachypodium is not a cultivated crop species but is a model species for the cereals. It is particularly
suitable as a model species as it is diploid, with a small genome of approximately 355 megabases and
a short life cycle (Bennett & Leitch, 2005; Draper et al., 2001). It is a close relative of the Triticeae;
however, it only possesses five chromosomes rather than seven. The reference sequence, produced by
the Joint Genome Institute (International Brachypodium Initiative, 2010), is based on the Bd21 strain.

Table 3.8. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues

of the three ASN genes identified in Brachypodium distachyon.

Gene name Gene ID Wheat orthologue
BdASN1 BRADI_4g45010v3 TaASN1
BAASN3 BRADI_2g21050v3 TaASN3.1/ TaASN3.2
BdAASN4 BRADI_1g65540v3 TaASN4

Genes were identified on chromosome 1 (BRADI_1g65540v3), chromosome 2 (BRADI_2g21050v3)
and chromosome 4 (BRADI_4g45010v3) (Table 3.8). The genes did not show high levels of identity
(Figure 3.11), with the greatest similarity seen between the chromosome 1 and chromosome 4 genes
(70. 1 % identity). The chromosome 2 and chromosome 4 genes showed the lowest similarity, at 62.5
% identity.

When compared to the TaASN genes, the chromosome 1 BAASN gene, BRADI_1g65540v3, was the
most similar to the TaASN4 genes (86.9 — 87.8 %), the chromosome 2 BAASN gene,
BRADI_2g21050v3, was most similar to the TaASN3s (89.6 - 90.2 % for TaASN3.1; 89.1 - 89.8 % for
TaASN3.2), and the chromosome 4 gene, BRADI_4g45010v3, was most similar to the TaASN1s (90.7
—91.0 %). BRADI_4g45010v3 also showed high levels of similarity to the two TaASN2 genes, 84.4
and 84.7 % identity for the A and D homeologues respectively; however, there was no TaASN2
orthologue in brachypodium.
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3.2.3.9. The Panicoideae: maize (Zea mays)

Maize (Zea mays) has a large genome (approximately 2.4 gigabases), with a haploid chromosome
number of 10. The reference sequence is based on the cultivar B73 (B73 RefGen_v4, INSDC
Assembly; Gramene; Jiao et al., 2017). Todd et al. (2008) identified four ZmASN genes, naming them
ZmASN1-4. The analysis of the genome data confirmed these four ZmASN genes. Zm00001d045675
(annotated as ZmASN1 by Todd et al. (2008)) and Zm00001d047736 (annotated as ZmASN4) were
located on chromosome 9; Zm00001d028750 (annotated as ZmASN3) on chromosome 1; and
Zm00001d044608 (annotated as ZmASN2) on chromosome 3 (Table 3.9). Three partial genes were
also identified in the analysis. Two of these, Zm00001d031563 and Zm00001d028766, were located

on chromosome 1, and the last one, Zm00001d010355, was located on chromosome 8.

Table 3.9. Gene names (Todd et al., 2008), Ensembl gene identifiers and wheat orthologues of the
eight ASN genes identified in Zea mays.

Gene Name Gene ID Wheat orthologue
ZmASN2 Zm00001d044608 TaASN1
ZmASNL1 (truncated) Zm00001d010355 TaASN1
ZmASNL1 (truncated) Zm00001d031563 TaASN1
ZmASNL1 (truncated) Zm00001d028766 TaASN1
ZmASN1 Zm00001d045675 TaASN3.1/TaASN3.2
ZmASN3 Zm00001d028750 TaASN4
ZmASN4 Zm00001d047736 TaASN4

ZmASN3 and ZmASN4 were the most similar out of the full-length genes, sharing 86.4 % identity,
with low levels of similarity between the rest of the genes (55.4 — 69.8 %) (Figure 3.12). The highest
similarity out of all the genes was between two of the partial genes, Zm00001d031563 and
Zm00001d010355, which shared 91.6 % identity, with Zm00001d028766 sharing 79.0 and 83.5 %
identity, respectively, to those two genes. All three truncated genes were most similar to ZmASN2

(80.6 — 83.8 %), despite being annotated as ZmASN1 homologues in the Ensembl database.

When compared to the TaASN genes, ZmASN4 was the most similar to TaASN4 (76.1 — 76.3 %);
however, ZmASN3 showed greater similarity to the TaASN4 homeologues (85.0 - 85.5 %). It is likely
the two genes arose from a single ancestral ASN4 gene (section 4.3.2; Figure 3.12). The ZmASN2 gene
was most similar to TaASN1 (77.7 — 78.1 %), followed by TaASN2 (75.9 — 76.0 %), and ZmASN1 was
similar to the TaASN3 genes (83.0 — 84.0 %).
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3.2.3.10. The Panicoideae: Sorghum (Sorghum bicolor)

Sorghum (Sorghum bicolor) is a close relative of maize. It is diploid, with a haploid chromosome
number of 10. The reference sequence is based on the variety BTx623 (Sorghum_bicolor_NCBIv3,
INSDC Assembly GCA_000003195.3; McCormick et al., 2018).

Table 3.10. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues

of the three ASN genes identified in Sorghum bicolor.

Gene name Gene ID Wheat orthologue
SbASN1 SORBI_3005G003200 TaASN1
SbASN3 SORBI_3010G110000 | TaASN3.1/ TaASN3.2
SbASN4 SORBI_3001G406800 TaASN4

Three ASN genes were identified: SORBI_3001G406800 on chromosome 1, SORBI_3005G003200
on chromosome 5, and SORBI_3010G110000 on chromosome 10 (Table 3.10).
SORBI_3001G406800 and SORBI_3005G003200 showed the most similarity (68.8 %), with
SORBI_3010G110000 showing 62.0 — 63.4 % identity to the other two genes (Figure 3.10).
SORBI_3010G110000 was most similar to the TaASN3 genes, sharing 83.2 - 84.6 % nucleotide
sequence identity, while SORBI_3001G406800 shared 83.1 — 84.1 % identity with the TaASN4
homeologues. SORBI_3005G003200 was similar to TaASN1, followed by TaASN2, sharing 77.4 —
77.8 % and 75.7 — 75.8 % sequence identity, respectively, with those genes.

The SbASN genes were compared to the ZmASNs and, despite their different chromosomal locations,
the genes between the species where very similar, reflecting their close evolutionary history (Figure
3.13). SbASN1 shared 87.3 % identity with ZmASN2 (75.5 — 77.0 % to the truncated ZmASN genes),
SbASN3 shared 95.2 % identity with ZmASN1 and SbASN4 shared 94.4 % identity with ZmASNa3.
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3.2.3.11. Rice (Oryza sativa)

There are two commonly cultivated rice subspecies, indica and japonica (Kawahara et al., 2013; Yu
et al., 2002), both of which are diploid. Rice is a member of the Ehrhartoideae (also known as
Oryzoideae) subfamily, which diverged from the Panicoideae and Pooideae line between 40 and 54
million years ago. Both the indica and japonica subspecies have been investigated here.

Table 3.11. Gene names (Raffan and Halford, 2021), Ensembl gene identifiers and wheat orthologues

of the two ASN genes identified in Oryza sativa subsp. indica and japonica.

Existing Gene ID in Ensembl Rice subspecies Wheat orthologue
annotation

OsASN1 BGIOSGA010942 indica TaASN4

OsASN1 0s03g0291500 japonica TaASN4

OsASN2 BGIOSGA021489 indica TaASN3.1/TaASN3.2

OsASN2 0s069g0265000 japonica TaASN3.1/TaASN3.2

Two ASN genes in rice had been identified previously. The first was identified by Watanabe et al.
(1996) then further characterised by Nakano et al. (2000) and is now known as OSASN2. The second
was identified through a BLASTN search of the first draft rice genome (Mgller et al., 2003) and
confirmed by Sakai et al. (2013) and Ohashi et al. (2015), who annotated it as OSASNL1.

Only two genes were identified in this analysis (Table 3.11). BGIOSGA010942 (indica) and
0s0390291500 (japonica) were identified on chromosome 3 and have previously been annotated as
OsASNL1. The other gene (BGIOSGA021489 and 0s06g0265000 for indica and japonica,
respectively) was located on chromosome 6 and previously identified as OSASN2. BGIOSGA021489
and Os06g0265000 share 100 % identity and encode identical 591 amino acid proteins; however, a
difference is seen between the OsASN1 genes (97.4 % identity) (Figure 3.15). BGIOSGA010942 was
shown to be missing 42 bp at the 5’ end of the coding sequence due to a different translation start
sites. Thus, BGIOSGAQ010942 encodes a 590 amino acid protein and 0s03g0291500 encodes a 604
amino acid protein. When comparing the OsASN genes, only 63.3 % nucleotide sequence identity was
seen between 0s03g0291500 (OsASN1) and the OsASN2 genes, and 62.0 % identity was seen
between Os06g0265000 and the OsASN2 genes.

Comparing the OsASN genes with the TaASN genes, the OsASN1 genes showed the highest similarity
to the TaASN4 genes (83.5 — 86.3 %), and the OsASN2 genes showed the highest similarity to the
TaASN3 genes (86.3 — 87.2 %). This means that rice does not possess a group 1 or a group 2 ASN

gene.
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3.2.4. Assignment of all the cereal asparagine synthetase genes to groups

This analysis confirmed the four ASN groups, with group 3 subdivided (3.1 and 3.2). Genes were
allocated into the different groups based on their similarity to the TaASN genes and numbered to
match the wheat annotations (if not previously annotated), and this assignment was confirmed through
a phylogenetic tree of all the genes (Figure 3.16). The analysis also showed that the genes which had
been assigned to groupl based on their similarity matrices in maize and sorghum (Figures 3.12 and
3.13) actually clustered with the group 4 genes (Figure 3.16), showing a discrepancy between the tree
topology and the group assignments. The genes were assigned to group 1 based on their similarity
matrices (Figures 3.12 and 3.13), with the sorghum gene (SbASN1) showing 77.4 — 77.8 % similarity
to TaASNL, but only 68.8 — 68.9 % similarity to TaASN4. Similarly, the maize (ZmASN2) showed
77.7 —78.1 % similarity to TaASN1, and 69.3 — 69.5 %. However, the genes did cluster to the Group
4 genes, with a fairly high level of confidence. This suggests that the maise and sorghum group 1

genes may have diverged from the group 4 genes much less than the brachypodium and Triticea group
1 and 2 genes.
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Figure 3.16. Phylogenetic tree of all the asparagine synthetase genes analysed in this study, shown
with prefixes: Ta (bread wheat; Triticum aestivum), Tdi (emmer wheat; Triticum dicoccoides), Tdu
(pasta wheat; Triticum durum), Tu (einkorn wheat; Triticum urartu), Aet (Tausch's

goatgrass; Aegilops tauschii), Hv (barley; Hordeum vulgare), Sc (rye; Secale cereale), Zm
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(maize; Zea mays), Sb (sorghum; Sorghum bicolor), Bd (brachypodium; Brachypodium distachyon)
and Os (rice; Oryzae sativa). The branch labels show the consensus support in the clade from
bootstrapping, shown as a percentage. The scale bar represents the length of the branches, expressed
in units of substitutions per site of the sequence alignment. The Arabidopsis (Arabidopsis thaliania)
gene, AtASN1, was used as an outgroup to anchor the tree.

3.2.4.1. Evolutionary development of the ASN gene families in cereal species

The genomic analysis confirmed that the wheat asparagine synthetase gene family structure,
comprising five genes in four groups, is only found in the Triticeae. Although maize has a second
group 4 gene, and some truncated genes, it, along with brachypodium and sorghum, does not possess
a group 2 gene and has only one group 3 gene. Rice does not possess either a group 1 or a group 2
gene. Group 2 genes are unique to the Triticeae, which is important given that the group 2 genes are
expressed seed-specifically. The evolutionary development of the ASN gene family in cereals seems
to have begun with an initial duplication event of a single ancestral gene and the development of the
group 3 and group 4 genes (Figure 3.17). As rice only contains group 3 and group 4 genes, it is likely
that the Ehrhartoideae diverged from the ancestral line of the Panicoideae and Pooideae at this point,
and their gene family did not radiate further. The Group 4 gene was then duplicated to give rise to the
Group 1 gene, leading to families comprising Group 1, 3 and 4 genes, as is seen in maize, sorghum
and brachypodium.

The genes in the ancestral Triticeae line must have undergone a further two duplications to get to the
five gene structure seen in modern wheat. The first of these is the duplication of the ASN1 gene,
leading to ASN1 and ASN2, and then the duplication of the ASN3 gene, resulting in ASN3.1 and
ASN3.2. This five gene structure was seen in all the Triticeae investigated, although some varieties of
both bread wheat (Triticum aestivum) and emmer wheat (Triticum dicoccoides) were shown to lack a

B genome homeologue of TaASN2.
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Figure 3.17. Diagram representing the evolution of asparagine synthetase genes in the Triticeae,
Brachypodiae, Panicoideae and Ehrhartoideae (Raffan and Halford, 2021).

The Arabidopsis gene AtASN1 (Lam et al., 1994) was used in the tree construction to anchor the
genes. There are three ASN genes present in Arabidopsis (Lam et al., 1998), and it has been proposed
(Gaufichon et al., 2010) that these genes fit into two different classes (I and I1), with AtASN1 in class |
and the others in class I1. A third class was proposed when asparagine synthetase genes were
investigated in both monocotyledonous and dicotyledonous species (Duff, 2015), with a cluster of
cereal genes emerging as a separate clade. This clade corresponds to the group 3 genes described in
this chapter. Rice was shown to have class Il and 111 genes, with class Il corresponding to the group 4
genes described in this chapter, and class | corresponding to group 1. In contrast to the evolutionary
path lain out in Figure 3.17, Duff (2015) proposed that the three classes of ASN genes developed
before monocot and dicot plants divided. However, rice does not have a group 1 ASN gene, which
would mean that rice would have once possessed an OsASN1 gene but lost it if this model were
correct. The genomic analyses presented in this chapter show that the cereal gene family has evolved
considerably since the divergence of monocots and dicots, making the model shown in Figure 3.17 a
better fit for the cereal data now available than one that tries to fit the cereal genes within a broader

classification that attempts to include all of the other plant genes as well.
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3.2.5. Related protein

The genes TraesCS5A02G081800, TraesCS5B02G084600 and TraesCS5D02G090800 (on
chromosome 5A, 5B and 5D respectively), which share over 96 % cDNA identity, are annotated as
asparagine synthetase genes in the Ensembl database. The genes are described in the database as
encoding proteins containing glutamine amidotransferase 2 (IPR017932) (Mitchell et al., 2019) and
asparagine synthetase (IPR001962) (Mitchell et al., 2019) domains, suggesting that the proteins are
likely to possess asparagine synthetase activity; however, no cDNA alignment could be produced
when attempting to align these genes to the previously identified TaASN genes using the Geneious
alignment algorithm (Kearse et al., 2012). Furthermore, no Geneious alignment could be produced

between these putative ASN genes and the AtASN genes from Arabidopsis.

The predicted protein sequence for the A genome homeologue was run through NCBI's Conserved
Domain Database (CDD) (Marchler-Bauer et al., 2015) to assess the validity of the domain labelling.
Two domain hits were returned. The first domain, the AsnB super family (Accession cl33852; E-
value 4.66et) domain, spanned the entire 645 residues. The second domain, Gn_AT _II_novel
(Accession cd03766; e-value 5.10e°*), was labelled as an asparagine synthetase-related domain and
spanned the first 267 residues of the sequence. The domain is present in eukaryotes, but the function
of this domain appears largely unknown. Residues 2 (cysteine), 99 (threonine;
leucine/isoleucine/phenylalanine in matched sequences), 123-125 (asparagine, glycine, glutamate) and
138 (aspartate) were highlighted as important. The homeologues are expressed in wheat, albeit to a
very low level (<10 transcripts per million), with the highest expression seen from
TraesCS5B02G084600 in the developing embryo (Borrill et al., 2016; Ramirez-Gonzalez et al.,
2018). When the glutamine amidotransferase type 2 domain and the asparagine synthetase domain
were extracted from TraesCS5A02G081800 and aligned to the TaASN1 (5A) sequences, and the

amino acids they encode, no alignment could be made, and no similarity was seen.

A BLAST search was performed on the NCBI database to ascertain what gene types this putative ASN
gene was similar to. The first hit, with 96.95 % identity was to an asparagine synthetase domain-
containing protein gene from Aegilops tauschii. This was followed by versions from Sorghum bicolor,
Zea mays and Oryza sativa. No asparagine synthetase genes were identified, either plant or bacterial
in origin. Corresponding genes were found in all the species investigated in this study, apart from
Oryza sativa subsp. japonica, although a gene is present in the subspecies indica (Table 3.8). Despite
this gene’s presence in every plant species investigated, no bacterial or fungal counterparts could be
established, reflecting the fact that the functional domain seemed confined to eukaryotes (Marchler-

Bauer et al., 2015). It is concluded that this gene is not a true ASN gene.
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Table 3.12. Genes encoding a protein previously identified as an asparagine synthetase-related

domain identified in the species in this analysis.

Species Gene ID
TraesCS5A02G081800
Triticum aestivum TraesCS5B02G084600
TraesCS5D02G090800
Arabidopsis thaliana AT2G03667

Triticum diccoides

TRIDC5AG011850

TRIDC5BG013920

Triticum urartu

TRIUR3_31295

Aegilops tauschii

AET5Gv20219000

Hordeum vulgare

HORVUS5Hr1G020510

Brachypodium distachyon

BRADI_49g03827v3

Sorghum bicolor

SORBI_3008G139800

Zea mays

Zm00001d030760

Oryza sativa subsp. indica

BGIOSGA035961

3.3. Discussion

At the start of this project, wheat was known to contain four classes of asparagine synthetase genes,
TaASN1-4 (Gao et al., 2016). This analysis established that there are single copies of TaASN1,
TaASN2, and TaASN4, and two of TaASN3, and identified their chromosomal locations. The relatively
simple structure of the gene family means that genetic interventions to reduce free asparagine
accumulation and thereby acrylamide-forming potential in wheat grain are more likely to be

successful.

The B genome homeologue of TaASN2 is present in some hexaploid bread wheat varieties (including
Cadenza, section 3.3.1), and it is also present in the genome of Triticum durum cv. Svevo, despite not
being present in the reference sequence of their progenitor, Triticum dicoccoides. It is possible that
some Triticum dicoccoides genotypes possess a B genome ASN2 and that the hybridisation event with
Aegilops tauschii that produced modern bread wheat occurred multiple times, with and without the
ASN2 B genome homeologue. It is also possible but less likely that when the hybridisation event
occurred, Triticum dicoccoides possessed a B genome TaASN2, but that this gene was subsequently
lost in some emmer and bread wheat genotypes. The B genome homeologue could also have been
regained from an introgression from a related species, such as a wild wheat or rye.

This study highlighted the inconsistency in the pre-existing ASN gene family nomenclature across
plant species. The five TaASN genes have been annotated TaASN1, TaASN2, TaASN3.1, TaASN3.2
and TaASN4 (Xu et al., 2018). Barley also contains five HVASN genes, orthologous to the TaASN
genes, however these have been named HVASN1 — HVASNS5 (Avila-Ospina et al., 2015). As the gene
family structure is the same in the two species, the nomenclature can be easily reconciled if HVASN4

is rebranded as HYASN3.2, and HVASN5 becomes HVASN4. The genes in maize, rice and wheat were
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named in the order of their identification. However, the maize ZmASN1 gene is a Group 3 gene, and
the rice OsSASN1 gene is a group 4 gene. ZmASN?2 is a group 1 gene, with both ZmASN3 and ZmASN4
being group 4 genes, and OSASN2 is a group 3 gene.

3.3.1. Expression of ASN genes

The implications of the differences in the asparagine synthetase gene family structures for free
asparagine concentrations in the grain of the different species are currently unknown, and will depend
in part on the expression patterns of the different genes. ASN gene expression has been shown to be
highly variable in Aegilops tauschii seedlings (Nishijima, et al., 2016), dependant on genotype, with
AetASN1 generally being the most highly expressed. No AetASN2 expression was detected in that
study, suggesting that AetASN2 could be grain-specific in its expression, like TaASN2 (Gao et

al., 2016), but expression in the grain has not yet been investigated. Two barley genes, HYASN1 and
HVASNZ2, the orthologues of TaASN1 and TaASNZ2, also have different expression patterns (Mgller et
al., 2003). No HVASN2 expression could be detected in the roots; however, it was detected in the
leaves, which would make it different to TaASN2, with HYASN1 expressed in both tissues.

HvASN3 and HVASN4 were shown to be the most highly expressed genes in germinating barley
(Zhang et al., 2016a) and barley seedlings (Mayer et al., 2012), with HYASN2 showing very low

levels of expression. The expression of the HVASNs has not been investigated in the grain.

During early development of the grain of brachypodium, BAASN3 (TaASN3 orthologue) has been
shown to be the most highly expressed ASN gene (Davidson et al., 2012); however, by mid-
development, BAASN1 (TaASN1 orthologue) was the dominant ASN, with expression higher in the
embryo than in the endosperm. Broadly, this matches what is seen in bread wheat (Section 3.3.2),
where ASN expression is higher in the embryo, although there is no TaASN2 orthologue in
brachypodium.

In the seeds of sorghum, SbASN3 is the most highly expressed overall, but SbASN1 shows higher
expression in the embryo. Indeed, SbASN1 shows embryo-specific expression (Davidson et al., 2012;
Makita et al., 2015), which is even more narrow than the expression range of TaASN2. SbASN3 and
SbASN4 show expression throughout the plant (Davidson et al., 2012). In maize, Todd et al. (2008)
showed that ZmASNL1 (a group 3 gene) and ZmASN4 (a group 4 gene) are expressed in all tissues, with
ZmASNS3 (a group 4 gene) expression restricted to below-ground tissues and ZmASN2 (group 1 gene)
expression detectable in root, ear node, cob and seed tissues. The most highly expressed ZmASN gene
in the grain is ZmASN1 (Chen et al., 2017; Zhan et al., 2015); however, it shows high expression
throughout the plant (Baute et al., 2015; Chang et al., 2012; Pang et al., 2019). ZmASN2 was also
expressed in the leaves, seedlings and 5-day-old caryopses (Baute et al., 2015; Chang et al., 2012;
Pang et al., 2019) but to a much lower level, and ZmASN3 was shown to be highly expressed in 5-

day-old caryopses (Pang et al., 2019).
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Rice only contains two OsASN genes, with OsASN2 (a group 3 gene) most highly expressed in the
seeds, as well as the shoots and root tips of developing seedlings (Davidson et al., 2012; Reynoso et
al., 2018; Sakai et al., 2011; Zhang et al., 2014b). OsASN1 (group 4) is expressed more in the anthers
and carpels (Zhang et al., 2014b).

3.3.2. RNA-Seq

This analysis provided data on the genetic control of free asparagine accumulation in wheat grain and
its response to sulphur supply. It confirmed that TaASN2 was the most highly expressed ASN gene in
the grain. The homeologues of many genes showed differential expression patterns, and this is
particularly true for TaASN2, where the A genome homeologue was expressed to much higher degree
than the D genome homeologue. No B genome homeologue could be identified in the study,
indicating that the gene was either missing, or was not expressed; however, it is known that some

wheat varieties are missing a B genome version of TaASN2 (Xu et al., 2018).

The analysis confirmed that TaASN2 was the logical target for genetic interventions, and interventions
aimed at the A genome homeologue may be enough to generate a step change in grain free asparagine
concentrations. The study also highlighted further targets, such as metabolic enzymes and signalling

factors, for reducing the acrylamide-forming potential of wheat.

3.3.3. Targeted asparagine reduction in other species

This analysis showed that genetic interventions and technology employed in wheat would not
necessarily transfer across to non-Triticeae cereals, without extensive prior investigation and
characterisation of the ASN gene family. Although clearly related, the structure of the ASN families
varies across the cereal species investigated, with the number of full-length ASN genes ranging from 2
- 5, and the representation of the different ASN groups also different. All species investigated
possessed at least one Group 3 and Group 4 gene; however, the Group 1/2 genes were absent in rice
and the gene targeted for genetic intervention in wheat, TaASN2, was found to be unique to the
Triticea. Further investigation is needed to assess whether the Group 2 genes are grain-specific in the
other Triticea members, as is seen in hexaploid bread wheat. Previous genetic interventions to knock-
out ASN genes in rice and potato were met with undesirable phenotypes (Luo et al., 2019; Rommens
et al., 2008); however, the unique presence of the TaASN2 gene, and its grain-specific expression
(Gao et al., 2016), presents a singular opportunity for reducing the acrylamide-forming potential of

wheat grain.
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Chapter 4
gRNA Generation and Protoplast Trial System
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4.1. Introduction

Wheat transformation is a time-consuming process. Thus, designing several guide RNAs (QRNAS)
and testing them first in a protoplast system is a sensible approach. This work aimed to design gRNAs
to introduce a targeted mutation in the TaASN2 gene in wheat (Triticum aestivum) and test them in a
cv. Cadenza protoplast system. Guide RNAs that worked in the protoplast system would be selected
for the generation of edited wheat plants. The protoplast trial assay was not successful; however, a
multiplexed gRNA construct, containing four gRNAs, was designed to maximise the chances of

successful editing.
4.1.1. gRNA design

In genome editing using the CRISPR/Cas9 system, the Cas9 nuclease is directed to a target site by an
engineered, sequence-specific, single guide RNA (gRNA, sometimes referred to as sgRNA). Thus, the
synthetic gRNA is one of the main components of the CRISPR/Cas9 genome editing system. It
comprises two main components: a scaffold sequence for Cas9 binding, and a user-defined target
sequence corresponding to a desired target region of the DNA. The target region must be directly
upstream of a protospacer adjacent motif (PAM). The conventional (or classic) gRNA structure (Hsu
et al., 2013; Anders et al., 2014; Nishimasu et al., 2014; Jinek et al., 2012) is a modified version of
the native bacterial CRISPR RNA (crRNA)-transactivating crRNA (tracrRNA) duplex.

The site-specific targeting of the CRISPR/Cas9 system is determined by the first 20 nucleotides of the
gRNA. This distinguishes the CRISPR/Cas9 method from techniques in which the DNA recognition
is provided by a protein binding domain, as with zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENS) (Jinek et al., 2012). The targeting specificity of the
CRISPR/Cas9 system (Wu et al., 2014a) is affected by the specificity incorporated in the Cas9/gRNA
complex, which can vary for different gRNA sequences, and the relative abundance of the effective

Cas9/gRNA complexes in the cell.

Many factors contribute to this targeting specificity. The PAM is one factor, and it is required to be
immediately next to the 3' end of the target sequence. The PAM sequence is recognized by a specific
domain in the Cas9 protein (Nishimasu et al., 2014) and varies across bacterial species (Garneau et
al., 2010; Zhang et al., 2013). For the widely-used Cas9 from Streptococcus pyogenes, which is the
Cas9 used in this work, the PAM is typically NGG, with no nucleotide bias at the first position.

Mismatches are tolerated to a greater or lesser extent at different positions in the gRNA guide
sequence (Fu et al., 2013; Pattanayak et al., 2013; Hsu et al., 2013). When tested in vitro, mismatches
in the first 7 positions (furthest from the PAM motif) of the gRNA sequence were well tolerated and

led to plasmid cleavage by the Cas9 nuclease; however, mismatches in the 10-12 base pairs in the
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PAM-proximal region usually led to decreased or suppressed target cleavage activity (Jinek et al.,
2012). Thus, this PAM-proximal 10-12 bases has been defined as the ‘seed region for Cas9 cutting
activity’(Cong et al., 2013; Jiang et al., 2013a), and although the definition of this seed region has
been debated (Kuscu et al., 2014; Wu et al., 2014b; O’Geen et al., 2014; Pattanayak et al., 2013),
particularly in genome-wide binding datasets, it is generally accepted that mismatches near the PAM
region are less well tolerated (Wu et al., 2014a; Kuscu et al., 2014). This is particularly important

when designing gRNAs to differentiate between member of gene families.

Changes in the gRNA sequence may also affect the concentration of the gRNAs in the cell (Wu et al.,
2014b), such as by affecting the transcription or stability of the gRNA; they may also affect gRNA-
Cas9 interactions. The chromatin structure at the target site can also affect accessibility for Cas9,
PAM recognition and target binding, with a strong correlation between Cas9-bound sites and open
chromatin; however, studies have suggested that chromatin accessibility is not a requirement for
binding to the on-target site (Wu et al., 2014a; Wu et al., 2014b; Kuscu et al., 2014; Perez-Pinera et
al., 2013), preferentially facilitating off-target binding, and so may not affect gRNA design.
Additionally, there may be epigenetic effects on gRNA efficiency: specifically, more methylation is
associated with less binding (Wu et al., 2014b); however, CpG methylation has been shown to have
no effect on Cas9 cutting efficiency in vitro or in vivo (Hsu et al., 2013). Xie et al. (2015) observed
that gRNA target sequences with higher GC contents had relatively high editing efficiencies,
recommending selecting target sites with GC contents of about 50 - 70 %; however, it has been noted
that this could lead to a higher risk of off-target effects (Tsai et al., 2015).

The gRNA target sequence length can also affect editing or targeting efficiency, and it has been
shown that only 20 bp of the gRNA sequence are present in mature gRNAs in vivo, even if the length
of the guide region is increased (Ran et al., 2013); so increasing the target guide sequence does not
increase the Cas9/gRNA complex specificity. Truncating the gRNA guide sequence to 17 or 18
nucleotides, on the other hand, has been shown to dramatically increase target specificity (Fu et al.,
2014), although the mechanism behind this is not well understood. It was suggested that the first 2 - 3

nucleotides, which are not required for target binding, may stabilise off-target binding.
4.1.2. Online tools for gRNA design

Being able to distinguish effective from ineffective gRNASs can greatly streamline an experiment and
simplify interpretation of results, but in the case of wheat, maximising gRNA efficiency is particularly
important because wheat transformation is costly and time-consuming. Many resources now exist to
help design effective gRNAs (https://blog.addgene.org/how-to-design-your-grna-for-crispr-genome-
editing; https://www.takarabio.com/learning-centers/gene-function/gene-editing/gene-editing-tools-
and-information/how-to-design-sgrna-sequences). Several web-based tools are available that require a

DNA input sequence, a genomic region or a gene to be targeted and an indication of the target
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species. An algorithm specific to each tool outputs a list of candidate guide sequences with

corresponding predicted off-target sites for each input (Wu et al., 2014a).

The tools vary in the methods they employ, but most aim to provide guide sequences that minimize
the likelihood of off-target effects. Some tools incorporate data from previous systematic mutagenic
studies or user-input penalties (for example, CASFINDER (Aach et al., 2014); ECRISPR (Heigwer et
al., 2014)) to score off-targets individually, based on location and number of mismatches to the guide

sequence to rank the potential for off-target effects.

Other tools have binary criteria for off-target effects, either to the entire guide region (Cas-OFFinder
(Bae et al., 2014)) or to some defined region ((Ma et al., 2013); CasOT (Xiao et al., 2014);
CHOPCHOP (Montague et al., 2014); FIyCRISPR (Gratz et al., 2014); sgRNAcas9 (Xie et al.,
2014)), and potential guide sequences are generally ranked by a weighted sum of off-target scores, or
by the number of off-targets.

Several tools consider factors beyond position and number of mismatches. Some tools (CASFINDER,
for example) include the option to score off-targets with alternate PAMSs based on the finding that
Cas9 cleaves these sites with lower efficiency (Mali et al., 2013a; Hsu et al., 2013; Pattanayak et al.,
2013; Ran et al., 2013). A tool can also consider the presence of SNPs and secondary structures in the
potential guide sequence (Ma et al., 2013), which could impact targeting and the formation of the
Cas9/gRNA complex (Makarova et al., 2011), the genomic context of the potential target sequence
(e.g. exons, transcripts, CpG islands), which could impact the intended purpose of the gRNA
(ECRISP (Heigwer et al., 2014); CHOPCHOP (Montague et al., 2014)), and the GC content, which
could impact effectiveness of the gRNA (ECRISP (Heigwer et al., 2014); CHOPCHOP (Montague et
al., 2014); syRNAcas9 (Xie et al., 2014)).

Tools have also been designed for specific purposes, such as CRISPR-ERA (Liu et al., 2015a), which
designs gRNAs for gene repression or activation, or for specific species or taxonomic groups, such as
FIyCRISPR (Gratz et al., 2014). Most gRNA tools are solely focused on the Staphylococcus aureus
Cas9 (Ran et al., 2015); however, as alternative nucleases become increasingly available, such as the
nuclease Cpfl (Zetsche et al., 2015), design tools that are compatible are starting to be developed,

such as the Benchling design tool (https://www.benchling.com/crispr/).

Although many of these tools are designed for mammalian or animal research (Doench et al., 2016)
(https://genhub.co/design; http://guides.sanjanalab.org/#/;
https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE PrimerQuest® program, IDT,
Coralville, lowa, USA. Accessed 12 December, 2018), or only contain Arabidopsis sequences
(https://www.atum.bio/eCommerce/cas9/input), tools do exist for the design of gRNAs in wheat or

other cereal species (Montague et al., 2014; Bae et al., 2014; Haeussler et al., 2016; Heigwer et al.,
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2014; Hough et al., 2016; https://horizondiscovery.com/en/products/tools/CRISPR-Design-Tool;
https://design.synthego.com/#/).

Due to the variety and number of online tools available, and the differences between them, it is critical
to use more than one tool during the gRNA design process and then choose gRNA sequences that
consistently perform well. For this project, the RGEN program (Park et al., 2015) was chosen, using
‘Hordeum vulgare (Ensembl Plants 28)’ as the reference genome because a wheat reference genome

was not available when the project started, along with DESKGEN (Hough et al., 2016).
4.1.3. Multiplexing the gRNAs

The CRISPR/Cas9 system is limited by the expression and targeting efficiency of the gRNA, but also
by the number of possible target sites for the CRISPR/Cas9 system, especially when working in
polyploid species, such as wheat, or when targeting multigene families, where there might not be
many sites available to target all the genes with a single gRNA. More importantly, multiple gRNAs
designed with different target sequences can direct Cas9 to specific target sites (Cong et al., 2013;
Wang et al., 2013), with Cas9 able to edit multiple loci simultaneously in the same individual. As
plant transformation is time-consuming and expensive, particularly in the case of wheat, the use of
multiple gRNAs simultaneously is preferable. This requires the construction and linking of several

reliable expression cassettes in the same plasmid.

Xie et al. (2015) designed a robust CRISPR/Cas9 vector system for convenient and high-efficiency
multiplexed genome editing in monocot and dicot plants, showing simultaneous targeting of multiple
(up to eight) members of a gene family, multiple genes in a biosynthetic pathway, or multiple sites in
a single gene. The system revolves around a single, synthetic, multiplexed gRNA polycistronic gene
with a tandemly-arrayed tRNA—-gRNA architecture. This system relies on the plant’s endogenous
tRNA-processing system, which precisely cleaves both ends of the tRNA precursor in vivo, generating
multiple, fully-functional gRNAs. This means that multiple gRNAs can be generated from a single
transgene. The system uses PCR-based procedures to rapidly generate multiple gRNA expression
cassettes, which are assembled into the binary CRISPR/Cas9 vectors in one round of cloning by
Golden Gate (GG) ligation (Engler et al., 2008).

4.1.4. Different gRNA scaffolds

In addition to alterations in the 5' end of the gRNA, modifications to the scaffold region of the gRNA
can have an impact on gRNA efficiency, with changes in scaffold length leading to changes in gRNA
expression levels (Hsu et al., 2013). To increase CRISPR/Cas9 efficiency, the TaASN2-targeting
gRNAs were designed with an improved gRNA scaffold, which had been shown to have a

significantly higher editing efficiency than those with the conventional scaffold (Dang et al., 2015).
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The conventional scaffold structure (Hsu et al., 2013) has a shortened duplex and contains a
continuous sequence of thymines, which is the pause signal for RNA polymerase 111 and thus could
potentially reduce transcription efficiency (Dang at al., 2015). Changing these two components was
initially shown to have little effect on knockout efficiency, although the duplex was extended by 10
bp, leading to the conclusion that the conventional structure was the most efficient architecture for
genome editing purposes (Hsu et al., 2013). Despite this, it was then reported that the imaging
efficiency of a dCas9 (a mutated version of Cas9 lacking nickase activity)—green fluorescent protein
(GFP) fusion protein in cells was increased when a gRNA with a mutated, continuous sequence of Ts
and extended duplex was used (Chen et al., 2013). Thus, it seemed likely that, if changing these two
elements enhanced dCas9 binding to target sites, it might also increase the knockout efficiency of
Cas9. Dang et al. (2015) investigated changing these two elements and generated an improved gRNA
structure with improved knockout efficiency. This improved gRNA scaffold contains an extended
duplex (lengthened by up to 5 bp, perhaps explaining the discrepancy with Hsu et al., 2013) and a
mutation in the continuous sequence of thymines (the fourth thymine was changed to a cytosine or a
guanine). The effects of the two key changes seemed different, with the mutation in the continuous
sequence of thymines affecting gRNA production, explained as being a result of the affected pause
signal, and the extended duplex leading to increased Cas9 functionality, either through increased
binding or enhanced stability.

4.1.5. Off-target effects

As every position of the gRNA target sequence does not need to match the target site for effective
editing, off-target effects may occur, where nonspecific and unintended editing occurs through
sequence similarity to the target sequences. Given that the binding length is relatively short (20 bp,
with 5-12 bp being critical) (Wu et al., 2014a), each gRNA potentially has multiple, maybe even
thousands, of matches in the genome that are followed by the PAM motif, although this will vary
between gRNA target sequences. Off target effects are not believed to be common in plants, with
several studies reporting no off-target effects in a variety of species when sites with at least a
conserved 12-nt seed sequence were investigated. These included Arabidopsis, tobacco (Nicotiana
benthamiana), wheat, rice and sweet orange (Citrus sinensis) (Feng et al., 2014; Jia and Wang,
2014; Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013; Zhou et al., 2014). When investigating
a single mismatch, a 1.6 % off-target mutation rate was reported in rice (Xie and Yang, 2013), which
was five times lower than the on-target mutation rate.

For basic and applied research in plants, off-targeting may not be a critical problem. The risk of off-
target edits occurring in plants by the CRISPR/Cas9 system may not be higher than that of the
frequent somatic mutations that occur during tissue culture-based transformation, and is likely to be
much lower than for other mutagenesis treatments, such as chemical or radiation mutagenesis.

Furthermore, this risk of off-targeting can be minimized by selection of highly specific target
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sequences (Lei et al., 2014; Xie et al., 2014), while unwanted off-target mutations, if they do occur,
can be eliminated by crossing (and backcrossing) the mutant plants with their parental lines. As
TaASN2 is one of five TaASN genes in wheat (Chapter 3), there was a risk in this study of off-target
effects occurring in other members of the TaASN gene family. This was particularly true in the case of
TaASN1, which shares 92.1 — 93.0 % nucleotide sequence identity with TaASN2 (Chapter 3) and the

gRNAs in this project were designed with this in mind.

Target sequences with higher GC contents, whilst having a higher editing efficiency (Ma et al.,
2015b), showed a higher potential for off-target effects (Fu et al., 2013). The 8 — 12 nucleotides
directly upstream of the PAM (the ‘seed’ sequence) were the most important in determining sequence
targeting, meaning that SNPs in the PAM distal region may not discourage off-target effects (Jinek et
al., 2012; Cong et al., 2013; Hsu et al., 2013; Jiang et al., 2015; Fu et al., 2013; Pattanayak et al.,
2013). Mismatched sequences that have either a base missing (JRNA bulge) or an additional base
(DNA bulge) in the genomic DNA are also subject to off-target effects (Lin et al., 2014). Increasing
the length of the gRNA can also increase specificity, with the addition of two bases at the 5" end
improving the specificity of the system but reducing the activity in human cells (Cho et al., 2014). On
the other hand, shortening the gRNA target sequence to 17 nucleotides reduced off-target effects
without affecting the mutational activity at target sites (Fu et al., 2014).

High concentrations of Cas9 nuclease and gRNAs can increase off-target effects so controlling Cas9
expression could increase specificity (Hsu et al., 2013; Pattanayak et al., 2013). In the ZFN and
TALEN systems, the associated nuclease (Fok1) functions as a dimer, with each monomer in the
dimer cleaving a single DNA strand (reviewed in Bortesi and Fischer, 2015). The Cas9 system can be
modified to be similar, with the D10A mutation in the RuvC nuclease domain converting the Cas9 to
a nickase. A pair of these nickases can be used, increasing the specificity of the system, as two target
sites would have to be present to create the DSB and for editing to occur. This method has been
employed in human and mouse cells (Cho et al., 2014; Mali et al., 2013b; Ran et al., 2013; Shen et
al., 2014b) and Arabidopsis (Fauser et al., 2014; Schiml et al., 2014), with efficiencies comparable to
unmodified Cas9 but with greater specificity. This method does require the design of two equally
efficient gRNAs, which limits target sites, and gRNAs are known to differ in their targeting
efficiencies (Cho et al., 2014). Catalytically inactive Cas9 nucleases have also been fused to Fokl
nuclease, to produce a system which is comparable to the nickases in activity but, again, with greater
specificity (Guilinger et al., 2014; Tsai et al., 2014).

4.1.6. Protoplast system

Protoplast systems have been used previously for the generation of edited plants, with a published

rice-optimised protocol available since 2014 (Shan et al., 2014). Wheat plants cannot be regenerated
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from protoplasts; however, the development of a wheat-optimised protoplast assay system for the trial
of potential gRNAs for targeting the Cas9 nuclease could reduce the temporal and financial costs of
the CRISPR/Cas9 editing system. Wheat is recalcitrant to transformation and the generation of
transgenic plants is an expensive and time-consuming process. Further to this, gRNAs are unreliable
and sometimes do not work despite stringent selection processes (Thyme et al., 2016). The generation
of a transient protoplast system would allow multiple gRNAs to be trialled and evaluated before stable
transformation was attempted. The efficiency of different gRNAs could be assessed, and successful
gRNAs selected for stable transformation attempts, either through biolistic bombardment or through

an Agrobacterium-based system.
4.1.7. CRISPR/Cas9 edit detection and characterisation in transformed plants

One of the main problems with genome editing is the detection of the editing events that are
produced. The editing efficiency of the CRISPR/Cas9 system can be verified using reporter genes,
such as those encoding B-glucuronidase or a fluorescent protein (GFP, YFP, or RFP). The reporter
gene can be designed to contain a target site that causes a frameshift, with successful mutation of the
target by the Cas9/gRNA complex correcting the reading frame of the gene, and restoring function
(Jiang et al., 2013b; Feng et al., 2014). The reporter gene could also contain a duplicated region, and
DSBs introduced by the CRISPR/Cas9 system could lead to recombination between the duplicated
regions, restoring gene function (Siebert and Puchta, 2002; Mao et al., 2013). However, whilst useful
in testing the efficacy of the system, this is not particularly useful for detecting edits when the target is

a native gene.

Polyacrylamide gel electrophoresis (PAGE) can be used to identify mutations through single-strand
conformation polymorphism (SSCP), as single-stranded DNA molecules with nucleotide variations
can have conformational changes and thus have different migration rates (Zheng et al., 2016b). This
method can also detect heteroduplex DNAs with targeted mutations (Zhu et al., 2014). Nucleotide
changes in DNA strands can also affect their melting temperature, and so high-resolution melting can
be used to detect differences in PCR amplicons (Dahlem et al., 2012; Fauser et al., 2014); however,

the detection sensitivity is relatively low and gives no information on the specific edits present.

Another frequently used detection method for editing events is PCR restriction enzyme digestion
assay (PCR-RE), whereby the target genes contain restriction enzyme sites close to the PAM
sequences, so that the restriction sites may be disrupted when successfully targeted by the Cas9
nuclease. Restriction Fragment Length Polymorphism (RFLP) is then used to identify samples
containing edits in that target region, whereby the failure of restriction enzyme digestion indicates the
occurrence of DNA sequence mutations. A restriction digest before or after the PCR amplification can
enrich for edited sequences (Voytas, 2013; Jiang et al., 2013b; Nekrasov et al., 2013; Shan et al.,
2013).

-113 -



The Surveyor nuclease and T7 Endonuclease | assays are two methods that allow for the detection of
mutations at a specific locus (Mao et al., 2013; Xie and Yang, 2013; Wang et al., 2014). They are
enzymatic mismatch cleavage assays that target hybrid DNA fragments in PCR amplicons. When
allowed to anneal, heteroduplexes form between wildtype and edited sequences, and if that DNA
duplex contains unpaired nucleotides it will be cleaved by the nuclease (Voytas, 2013; Vouillot et al.,
2015). This method has the benefit that it can be applied to any target sequence, but the detection
sensitivity is lower than for other methods (Voytas, 2013; Vouillot et al., 2015).

Deep (high-throughput) sequencing of a whole genome, or of specific PCR amplicons, can provide a
wealth of information on the mutations present in an organism, and can detect rare (low frequency)
mutations as well as complicated chimeric mutations, making it particularly useful in assessing
possible off-target mutations over the whole genome (Fauser et al., 2014; Feng et al., 2014). Target
sites can be amplified by PCR, cloned, and their nucleotide sequences obtained by Sanger sequencing
of multiple clones. This method can detect simple or complicated mutation patterns, and the use of
restriction sites, if present, can enrich for the mutant DNA (Shan et al., 2013); however, this method
is generally expensive and time-consuming. If the CRISPR/Cas9 system generates a high proportion
of uniform mutations (including biallelic, homozygous, or heterozygous mutations) in the TO plants,
such as has been seen in rice (Zhang et al., 2014a; Zhou et al., 2014; Ma et al., 2015b), the cloning
step might not be needed. This direct sequencing of PCR amplicons can result in superimposed
sequencing chromatograms if two different edited alleles are present, which can be difficult to
interpret. Thus, tools such as the DSDecode (http://dsdecode.scgene.com/) (Liu et al., 2015b) have
been developed to decode the overlapping chromatogram by a method called degenerate sequence
decoding (DSD) (Ma et al., 2015a). Nucleotide sequencing methods for edit detection are further

discussed in Chapter 6.
4.1.8. Chapter aims

The aim of the work described in this chapter was to design a series of gRNAs to edit the TaASN2
gene of wheat in order to reduce TaASN2 protein function. The first exon of TaASN2 was targeted
because it encodes the glutamine binding domain of the enzyme. Four gRNAs, gRNA1-4, were
designed to target sites in the A, B and D genomes simultaneously. A plasmid multiplexed construct,
based on the methods outlined by Xie et al. (2015), containing the four gRNAs, was successfully
designed.

Wheat protoplasts were generated in the hope of constructing a protoplast trial system for gRNA

selection, prior to the stable transformation of wheat embryos.
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4.2. Results

4.2.1. Designing gRNAS

Four gRNA guide sequences were designed to target the first exon of TaASN2 (Table 4.1). The
gRNAs were designed to target regions that are conserved between the genomes, to ensure that all
homeologues were simultaneously targeted for editing, but that are not present in the other TaASN
genes. The first exon of TaASN2 was targeted as it encodes the glutamine amidotransferase domain of
the protein, which is involved in the binding of glutamine and the removal of an amino group to
produce glutamate and ammonia. The gRNAs were initially designed with the aim of causing a large
(244 bp) deletion between the outer gRNAs (JRNAL and gRNA4 in Figure 4.1), removing the part of
the gene encoding a large section of the glutamine binding domain and bringing about a frameshift in

the coding sequence.

Table 4.1. Guide RNAs designed to target TaASN2, shown with the PAM sequences underlined.
Scores in red indicate sub-par scores dictated by the gRNA generator, according to their scoring
algorithms. RGEN scores provide the GC content and an ‘out-0f-frame score’, where a low score
indicates a higher predicted level of off-target activity. DESKGEN scores give an estimation of the
gRNA activity, where a low score represents low predicted activity, and the potential for off-target
effects, where a low score denotes a higher number of potential off-target hits. Scores of less than 40
in the activity and less than 60 in the off-target scores in the DESKGEN scores, indicate sub-par
scores. The 3D structure is scored on whether the gRNA bases are unlikely to form stem loops and

therefore are ‘free’ to interact with the wheat DNA.

Name Sequence (with PAM) Direction | RGEN scores | DESKGEN scores | 3D structure
(GC, out-of- (activity, off
frame) target)
gRNA1 GGGGTGCGGCGACGA | Forward 80, 66.1 35, 80 Passable
GTCGCAGG
gRNA2 GGACTGGAGCGGCCT Forward 75,51.3 48, 87 Passable
GCACCAGG
gRNA3 GTAGAGCGGCTGGTC Reverse 75, 58.7 60, 40 Good
GCCGGAGG
gRNA4 CCTCGCAGTCACTGCC | Reverse 70, 68.5 47,49 Best 3D structure
GGTCCGG
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Figure 4.1. Top: The position of the gRNAs (shown in pink) designed to target the glutamine binding
domain in the first exon of TaASN2, highlighted in yellow. Bottom: the amino acid sequence encoded
by the first exon of TaASN2, with the residues important in the glutamine binding domain shown in

purple.

The potential gRNAs (Table 4.1; Figure 4.1) were generated through the RGEN program (Park et al.,
2015), and DESKGEN (Hough et al., 2016). For the RGEN program, the ‘Hordeum vulgare (Ensembl
Plants 28)’ genome was used as the target genome because a wheat reference genome was not
available at the time; however, the raw target sequence used was the A homeologue of TaASN2. The
gRNA s target a region of the gene that is 40, 115, 175 and 284 bases downstream of the start of
translation (QRNAZ1-4, respectively). Both gRNAL and gRNAZ2 are oriented in the forwards direction,
whilst the third and fourth gRNAs are in the reverse orientation. They were aligned to the TaASN2
Cadenza alignment (using the Geneious software package), to confirm that they would hit all the
homeologues. As only the TaASN2 genes were to be targeted, the gRNAs were then aligned to the
other TaASN genes, particularly the TaASN1 genes (Figure 4.2). This was to assess the likelihood of
potential off-target effects in the other TaASN genes, due to the high-level of identity between the
genes in the family. While the chosen gRNAs correspond to regions of shared identity between the
TaASN2 genes, they all show at least two SNPs to the TaASN1 genes, with the gRNA4 position also
lacking the requisite PAM sequence in the TaASN1 genes.
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] GAAGAGGGTCCACGTGCTAGAGCTCTCGCGCAGGCTCAAGCACC

€ T‘ G G G GGAAGAGGGTCCACGTCCTCGAGCTCTCGCGCAGGCTCAAGCACC
3D ATGTGCGGCATACTGGCG uCTuuuuT<Cu CuACquTCuCAu GGAAGAGGGTCCACGTCCTCGAGCTCTCTCGCAGGCTCAAGCACC
5A ATGTGCGGCATACTGGCGGTGCTGGGCTGCGCCGATGACACCCAGGGGAAGAGAGTGCGCGTGCTCGAGCTCTCGCEGCAGGCTCAAGCACC
5B ATGTGCGGCATACTGGCGGTGCTGGGCTGCGCTGATGACACCCAAGGGAAGAGAGTGCGCGTGCTTGAGCTCTCGCGCAGGCTCAAGCACC

5D ATGTGCGGCATACTGGCGGTGCTGGGCTGCGCTGATGACACCCAGGGGAAG fAGTQCQCFTGCTCuAuCTCTCuC)CAGSCTCAAJCACC

ZRNA2 PA| PAM, gRNA3

3A GGGGCCCG ‘ACTHHAHCH3CCTHCACCAH'TCHCChACAACTACCTCTHCCACCAHCHCCTCbCCATCATC1ACCCthCTCCHHChACCA
3B HCHHCCC)HACTGHA1CH1CCT 5CACCAGGTCGCCGACAACTACCTCTGCCACCAGCGCCTCGCCATCATCGACCCGGCCTCCGGCGACCA
3D GCGGCCCGGACTGGAGCGGCCTGCACCAGGTCGCCGACAACTACCTATGCCACCAGCGCCTGGCCATCATCGACCCGGCCTCCGGCGACCA
5A GCGGCCCCGACTGGAGCGGCATGCACCAGGTCGGCGACTGCTACCTCTCCCACCAGCGCCTCGCCATCATCGACCCTGCCTCTGGCGACCA
5B GCGGCCCCGACTGGAGCGGCATGCACCAGGTTGGCGACTGCTACCTCTCCCACCAGCGCCTCGCCATCATCGACCCTGCCTCTGGCGACCA

5D GCGGCCCCGACTGGAGCGGCATGCACCAGGTTGGCGACTGCTACCTCTCCCACCAGCGCCTCGCCATTATCGACCCTGCCTCTGGCGACCA

oRNA3
3A GCCGCTCTACAACGAGGACAAGTCCATCGCCGTTGCCGTCAACGGGGAGGTCTACAACCATGAGGAGCTTCGGGCACGGCTCTCCGGACAC
3B GCCGCTCTACAACGAGGACAAGTCCGTCGCCGTCGCCGTCAACGGGGAGATCTACAACCATGAGGAGCTCCGGGCACGGCTCTCCGGCCAC
3D GCCGCTCTACAACGAGGACAAGTCCGTCTCCGTCGCCGTGAACGGGGAGATTTACAACCATGAGGAGCTCCGGGCACGGCTCTCCGGCCAC
SA GCCCCTCTACAACGAGGACAAGTCCATCGTCGTCACTGTGAATGGAGAGATCTACAACCATGAACAGCTCCGGGCGCAGCTCTCCTCCCAC
5B GCCGCTCTACAACGAGGACAAGTCCATCGTCGTCACAGTGAATGGAGAGATCTACAACCATGAAAAGCTCCGGGCGCAGCTCTCCTCCCAC
5D GCCGCTCTACAACGAGGACAAGTCCATCGTCGTCACAGTGAATGGAGAGATCTACAACCATGAACAGCTCCGGGCGCAGCTCTCCTCCCAC

dervity oun i . . .~

PAI ZRNA4
3A AuuTTCCQuACCuuCAuTuACTLCuAbqTCATCuCCCATCTQ
38 AGCTTCCGGACCGGCAG TuACTuCuAuuTCATCuCCCATTTF
30 AGGTTCCGGACCGGCAGTGACTGCGAGGTCATCGCCCATCTG
5A ACGTTCAGGACAGGCAGCGACTGCGAGGTCATCGCGCACCTG
58  ACGTTCAGGACAGGCAGCGACTGCGAGGTCATCGCACACCTG
50  ACGTTCAGGACAGGCAGCGACTGCGAGGTCATCGCACACCTG

Figure 4.2. Alignment of the first exon of the TaASN1 (5A-5D) and TaASN2 genes, with the chosen
gRNA positions highlighted in pink. The identity bar shows the positions of SNPs between the

sequences. The alignment was generated using the Geneious software package (version 10.1.3).

The gRNAs target the gene at positions 40, 115, 175 and 284 bases downstream of the start of
translation (in order, gRNA1-4). Both gRNA1 and gRNA2 are oriented in the forwards direction,
while the third and fourth gRNAS are in the reverse orientation.

4.2.2. Multiplexed gRNA plasmid generation

A gRNA construct containing a 4-gRNA polycistronic gene was generated via a Golden Gate (GG)
assembly to make plasmid pRRes209.481.ASN2, based on the multiplexed system proposed by Xie et
al. (2015). The polycistronic 4-gRNA structure consisted of gRNAs (20 bp guide sequences + gRNA
scaffold) interspaced with tRNAs, and was generated by the GG assembly of overlapping PCR
fragments. This 4-gRNA fragment was then ligated into the backbone plasmid, pRRes208.481. The
gRNAs incorporated an optimised gRNA scaffold structure (Dang et al., 2015). A PCR reaction was
set up using specially designed primers (Chapter 2; Section 2.3.6.) to generate the required fragments

for the generation of the 4-gRNA polycistronic gene (Figure 4.3).
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P1 LSADS-F | gRNA1-R 129
P2 gRNA1-F | gRNA2-R 205
P3 gRNA2-F | gRNA3-R 205
P4 gRNA3-F | gRNA4-R 205
PS5 gRNA4-F | L3AD5-R 148
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100bp
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Figure 4.3. Top left: Electrophoresis gel showing level 1 fragments generated by PCR amplification.
The PCR product was run against the 2-Log DNA Ladder (0.1-10.0 kbp) (New England Biolabs,
Hitchin, UK). Top right: The primer combinations used to generate the PCR fragments and their
expected product size. Bottom: diagram of the designed fragments (PCR Bricks 1-5) containing the
gRNA, gRNA scaffold and tRNA sequences.

The PCR products were then extracted and quantified (concentrations ranged from 112.3-179.1
ng/uL). The fragments were successfully combined in a GG reaction, reamplified using generic
primers SSAD5-F and S3AD5-R (Chapter 2; Table 2.3), leading to the generation of a 4-gRNA
fragment of the expected size of 804 bp (Figure 4.4). Problems occurred during the re-amplification of
the GG-generated gRNA multiplex, where the PCR reaction produced a ladder of bands. This was
unlikely to be due to primer non-specificity, as attempting to optimise the reaction seemed to have no
effect. Further to this, similar results have been seen when trying to amplify a 7-gRNA fragment,
containing gRNAs designed to target genes in Triticum turgidum cv. Svavo (Camerlengo et al., 2020).
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Figure 4.4. Left: Electrophoresis gel showing the 4-gRNA Level 1 fragment, reamplified by PCR. A
ladder of bands is shown, and the top band on the gel corresponds to the band of interest at 804 bp.
The product was run against the 2-Log DNA Ladder (0.1-10.0 kbp) (New England Biolabs, Hitchin,
UK). Top right: A diagrammatic representation of the predicted secondary structure of the Level 1
fragment, generated using the Geneious software package (version 10.1.3). Bottom right:
Electrophoresis gel showing the Fok1-digested Level 1 fragment, estimated at a concentration of 10

ng/uL.

The predicted secondary structure of the PCR amplicon (Figure 4.4, right) shows the formation of
multiple ‘loops’ in the structure. Both the gRNA scaffolds and the tRNA interspacers have complex
secondary structures. These loops may cause the polymerase to ‘jump’ during replication, leading to
multiple smaller bands where loops have been missed out. This would result in a mix of PCR
fragments of varying lengths and could explain the pattern seen on the gel. This could have been
confirmed by nucleotide sequence analysis of all the bands; however, a band of the correct size was
identified, and this was extracted from the gel, purified and quantified (29.9 ng/uL). This extracted
band was digested with Fok1, and added to a backbone pRRes209.482 plasmid pre-digested with
Bsal, at two different ligation ratios (vector:insert = 5:3 and 5:2). The concentration was estimated at

around 10 ng/uL from gel electrophoresis (Figure 4.4, bottom right).

The ligation mixture was used to transform E. coli with the plasmid backbone (pRRes209.481) used
as a control. Four colonies were chosen to generate DNA minipreps (the samples were quantified, and

concentrations ranged from 51.1 to 83.5 ng/uL) and a diagnostic digest with Mlul and Pst1 was run
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(Figure 4.5). Two of the samples, ligation 1 colony 1 and ligation 2 colony 2, were sent for nucleotide
sequencing and confirmed as the desired plasmid (pRRes209.481.ASN2). Larger amounts of the
construct were generated for the purposes of transformation of both Triticum aestivum cv. Cadenza
embryos and leaf protoplasts.

—— -
3.0kb P e e e e e g

1.2kb TaASN2 polycistronic gene (742bp)

p209.481.ASN2

4,174 bp

Figure 4.5. Electrophoresis gel with plasmid DNA extracted from E. coli colonies transformed with
the ligation mix of the Level 1 GG assembly and digested with Mlul and Pst1. The first four lanes
correspond to a transformation vector-to-insert ratio of 5:3, the fifth lane corresponds to the control
plasmid pRRes209.481, and the remaining four lanes correspond to a ligation ratio of 5:2. Right:
Diagram representing the structure of plasmid pRRes209.481.ASN2 with the restriction sites.

4.2.3. Generating the Actin-Cas9 plasmid

The usual Cas9-containing construct used at the University of Bristol placed the Cas9 gene behind a
ubiquitin promoter (Ubi-Cas9). For this project, the Cas9 gene was placed behind an Actin gene
promoter, via a two-step digestion, using the enzymes Spel and EcoRl, to ligate the Cas9 fragment
(from the Ubi-driven Cas9 construct) into the Actin-eGFP backbone plasmid, pRRes208.381. This
would provide more options for Cas9-construct choices, as well as providing the opportunity to co-

transform with the two different Cas9 constructs.

The fragments were ligated together, and the ligation mixes were used to transform E. coli cells. Five
different ligation mixes were set up: 1) vector and buffer, no insert or ligase; 2) vector, buffer and

ligase, no insert; 3) vector, buffer and insert, no ligase; 4) all components; and 5) all the components,
with double the amount of the insert. Colonies were present on ligation mix 2 (12 colonies), mix 4 (3

colonies) and mix 5 (3 colonies).

PCR was performed, using the Actin-1F or -2F primers with the Cas9-1R primer, on colonies from

ligation mixes 2, 4 and 5 to confirm the presence of the Cas9 gene in the vector. Colonies 1, 2 and 3
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were obtained from ligation mix 4; colonies 4, 5 and 6 were obtained from ligation mix 5; and
colonies 7 and 8 were obtained from ligation mix 2 (which did not have the insert added). No bands
were seen for the control colonies used. This suggests that the 12 colonies seen on the plates were the
product of self-ligation of the pRRes208.381 plasmid, as was presumed. Successful amplification was
obtained for colonies 2, 4, 5 and 6 (Figure 4.6).

Ubiquitin P Wheat optimised Cas9 P2A GFP

Actin P Wheat optimised Cas9 P2A GFP

Figure 4.6. Left: Electrophoresis gel showing PCR products from colonies using either: A) Actin-1F
or B) Actin-2F, in conjunction with Cas9-1R primer. Bands demonstrate successful ligation through

the presence of the Cas9 insert. Right: diagram of the two different constructs.

Plasmids were extracted from LB cultures inoculated with colony 2, 4,5 or 7 (no PCR amplification
observed), and the nucleotide sequences were analysed using the Actin-1F, -2F and Cas9-1R primers.
Colonies 4 and 5 were found to contain the correct plasmid.

4.2.4. Protoplast generation

A gRNA-assessment system was developed in wheat protoplasts through the transient expression of
transgenic constructs. Wheat leaf cells were harvested to generate wheat protoplasts, and these were
transformed with a construct containing a Cas9 gene and at least one gRNA. The transformation
efficiency was assessed by the inclusion of a nuclear-tagged GFP in the designed constructs (Figure
4.6 Right; Figure 4.7) and the protoplast DNA was extracted. The target region was amplified by PCR
and assessed by gel electrophoresis and nucleotide sequencing to identify potential editing events.
Protoplast transformation was increased through protocol optimisation, to around 70 % in some cases;
however, larger plasmids, such as plasmids carrying the Cas9 gene, had lower transformation

efficiencies.

The two promoters, the wheat Actin gene promoter and the rice Ubiquitin (Ubi) promoter, were
compared for efficiency by the transformation of protoplasts with two constructs: pRRes208.381
(Actin-eGFP) and the ubiquitin-driven eGFP plasmid; these plasmids differ only by the promoter
used. It was hoped that using a different promoter might increase the transformation efficiency seen in
protoplasts and thus increase Cas9 activity and the likelihood of editing events. However, the results
of the promotor comparisons were inconclusive. Both promoters worked with varying efficiencies,
dependent on the different optimisation methods used and different protoplast batches (Ubi: 50.44 —

61.23 %; Actin: 31.60 — 65.61 %). Insufficient data were collected to generate any firm conclusions
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on differences in promoter efficiency. Subsequently, optimisation of the protoplast protocol led to
increased transformation efficiencies in both promoter types.

Figure 4.7. Wheat protoplasts (cv. Cadenza) 24-hours after transformation with a ubiquitin-driven
eGFP construct containing a Histone2B-tagged eGFP, resulting in nuclear-targeted eGFP
fluorescence. The protoplasts were generated using a wheat-adapted version of the Shen et al.,
(2014a) protocol. The red fluorescence is the fluorescence of the chloroplasts. Transformation
efficiency was assessed from the ratio of transformed to untransformed protoplasts.

4.2.5. Protoplast trial assays

Two gRNAs, ‘gRNAI1’ and ‘gRNA2’, were used to transform wheat protoplasts (pEXA24F-
CONSENSUS.sgRNA,; pEXA25F-CONSENSUS.sgRNA) and the editing success was estimated from
protoplast DNA which was extracted 48 hours after transformation. Four different transformations
were set up: 1) both gRNA constructs but no Cas9 construct; 2) both gRNA constructs in conjunction
with the Actin-Cas9 construct; 3) both gRNA constructs in conjunction with the Ubiquitin-Cas9
construct; and 4) both gRNA constructs and both the actin and the ubiquitin constructs. The target
region was successfully amplified from the extracted DNA using the ASN2-1F and ASN-1R primers.
Unfortunately, no large deletion was seen. Had both gRNAs successfully guided Cas9 to the target
sites, there was the possibility that editing would cause the release of the 75 bp fragment between the
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two gRNAs. The PCR amplicon was purified and sequenced to investigate other potential editing
events, such as the addition or deletion of a few bases around the target site.
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Figure 4.8. Nucleotide sequence analysis of the TaASN2 gene in extracted DNA of Cadenza
protoplasts after transformation with pRRes208.381+Cas9, Ubi-Cas9, and the ‘pEXA24F-
CONSENSUS.sgRNA and pEXA25F-CONSENSUS.sgRNA constructs. The nucleotide sequence
analysis was conducted on a capillary sequencer; the first 5 chromatograms represent reactions primed
with the ASN2-1F primer and the last 5 chromatograms represent reactions primed with the ASN2-1R
primer. The red boxes highlight the expected Cas9 cleavage position.

Whilst the chromatograms show a region in between the two gRNAs that shows decreased identity
between the sequencing reads and the reference sequences (Figure 4.8), this was not taken as evidence
of editing events. No mutations or deletions were seen at the Cas9 cutting positions, which is taken as
3 bases upstream from the PAM sequence (Figure 4.8, red boxes). The reads were generated from a
population of extracted protoplast DNA, rather than a single sample. It is therefore possible that
editing events did occur but were not detectable using this system as they would account for a small

proportion of the total population.

The gRNAZ2 target sequence overlapped the SexAl restriction enzyme recognition site, where
successful editing would disrupt the recognition site. Thus, if editing events had taken place, a larger,

un-cut band would be present on the gel alongside the smaller, cut bands (Figure 4.9). The frequency
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of editing in the whole population was likely to be very low; therefore, the un-cut band would be seen
faintly in conjunction with the normal digested band pattern. This larger band was only seen in the
transformation mix which contained both versions of the Cas9 construct (1. Ubi-Cas9 and 2. Act-
Cas9) and the gRNAs (Figure 4.9).

500bp e—
400bp e

300bp em—

200bp em—

100bp  e—

Figure 4.9. Electrophoresis gel showing digestion of the PCR amplicon with SexAl. Left) The
expected band pattern for 1) digest with SexAl, where the red band represents the uncut fragment, and
2) the fragment with no SexAl added. Right) SexAl digest for the transformation mixes. The lanes are
ordered SexAl, no SexAl. 1) Ubi-Cas9 and gRNAs; 2) Actin-Cas9 and gRNAs; 3) Ubi-Cas9, Actin-
Cas9 and gRNAs, an uncut band is present (highlighted in red); 4) gRNAs only; and 5) Ubi-Cas9 and
Actin-Cas9 only.

Although there was believed to be no difference in the two constructs, there was potentially an
interesting dosage or cumulative effect of the two Cas9 constructs in tandem. The undigested pattern
was only observed in the transformation where both Cas9 versions were used. No undigested bands
were present in the control transformation (transformation 4, no Cas9 was added; transformation 5, no
gRNAs were added).

The undigested band was purified from the gel to focus only on those sequences that had been
potentially edited by gRNA2. This population was analysed to identify potential editing patterns
(Figure 4.10).
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Figure 4.10. Nucleotide sequence analysis of the SexAl-undigested band, from a capillary sequencer,
visualised using the Geneious software package (version 10.1.3). The top chromatogram shows the
read from the ASN2-1F primer and the bottom chromatogram shows the read from the ASN2-1R
primer. The position of the gRNAZ is highlighted, and the red box represents the expected editing site.

The results, whilst showing that some editing may have taken place, were not conclusive. An
ambiguity code was shown at the expected editing site (Figure 4.10, red box); however, its presence
was dependent on whether the forward or reverse primer was used. Since the non-edited original base
would be an ‘A’ and the call was a “W’ (either an A or T), it was not possible to be confident that
editing had occurred. Further to this, no ‘indel-signature’ was seen. The sequence reads after the
expected editing sites showed high identity and a high call confidence. Had an indel been present, it
would cause a mixed chromatogram with ambiguity bases, where a deletion or insertion caused a
frameshift and a reduction in sequence identity. This produces a distinctive ‘messy’ call signature in

the chromatogram, which was not seen here.
4.2.6. Primer design for target amplification

Primers were designed to allow for amplification of the target fragment, the first exon of TaASN2, in
Cadenza. Whilst ASN2-1R corresponded to a conserved region in the Cadenza sequence, ASN2-1F
did not. Thus, two new forward primers (a new ASN2-1F, and ASN2-2F) and a new reverse primer
(ASN2-2R) were designed. The issue in designing the primers for the first exon of TaASN2 is the
difference in the intron length immediately following the exon (the first intron), reducing areas of

homeologue identity (Figure 4.11).
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Figure 4.11. Diagram illustrating the deletion in intron 1 of chromosome 3A (302 bp) and
chromosome 3B (1236 bp). The exon-intron structure is shown by annotations. Exons are denoted by

the black arrows and introns are denoted by the lines connecting them.

Chromosome 3B possesses a deletion of about 1250 bp in the first intron of TaASN2, directly after the
5 splice site (Figure 4.11). To design effective primers for this system, fully conserved (non-specific)
primers were required which would target all the homeologues simultaneously. Furthermore, the
fourth gRNA (gRNAA4) sits close to the end of the first exon of TaASN2. Reactions were set up with
the primers in four different pairs and trialled at eight different temperatures (55-70 °C), with the

expected product sizes being between 440-543 bp (Figure 4.12).

-
-

Figure 4.12. Electrophoresis gel showing the products of a PCR optimisation experiment for the
potential ASN2-1F, ASN2-2F, ASN2-1R and ASN2-2R primer pairs. A = ASN2-1F and ASN2-1R,
with an expected product size of 524 bp; B = ASN2-2F and ASN2-1R, with an expected product size
of 440 bp; C = ASN2-1F and ASN2-2R, with an expected product size of 543 bp; D = ASN2-2F and
ASN2-2R, with an expected product size of 459 bp. The PCR reactions had been run on a temperature
gradient, left to right (all in °C): 55, 56, 58, 60.9, 64.5, 67.5, 69.2, and 70.
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Bands of the expected size were only seen for reactions A and B, which both involved the ASN2-1R
primer (Figure 4.12), although no band was observed in the fourth well (60.9 °C) of reaction set B.
The presence of larger bands for reactions C and D suggested non-specific amplification.

4.2.7. Protoplast transformations for the trial of the construct
pRRes209.481.ASN2

Wheat (Triticum aestivum) cv. Cadenza protoplasts were transformed with the 4-gRNA construct,
pRRes209.481.ASN2 (2.16 pg/uL), and the Cas9-containing pRRes217.486 (2.02 pg/uL). The
transformation efficiency from the control transformations (pUbi::H2B-GFP) was estimated at 38.2 %
from the eGFP fluorescent counts (taken 48-hours after transformation). DNA was extracted from the
protoplasts after 48 hours (0.7 ng/uL). A PCR was run, using the primer pair ASN2-F2 and ASN2-1R,

to amplify the first exon of TaASN2. The results were visualised on an agarose gel, where ‘band-

shifts’ were seen (Figure 4.13).

Figure 4.13. Electrophoresis gel showing PCR products generated from the first exon of TaASN2,
amplified with the primer pair ASN2-F2 and ASN2-1R, from extracted protoplast DNA. The sample
was run against a control and the 100 bp DNA Ladder (New England Biolabs, Hitchin, UK). The blue

boxes show the fragments, which were extracted, cloned into TOPO plasmids and analysed.
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The non-edited band sizes were expected at around 430 bp (433 bp for the A and D genome, and 421
bp for the B genome). A deletion between the gRNAs would produce bands of the following sizes
(based on the A genome): gRNA1 and gRNA2 = 365 bp; gRNA1 and gRNA3 = 305 bp; gRNA1 and
gRNA7 =196 bp; gRNA2 and gRNA3 = 380 bp; gRNA3 and gRNA4 = 271 bp; and gRNA3 and
gRNA4 = 331 bp. The ladder of bands seen on the gel seemed to correspond to the expected band size
if editing had taken place (Figure 4.14), although it appeared that gRNA2 may not have been working
efficiently. The smallest band on the gel (around 200 bp) would correspond to the flanking gRNAs,
gRNAL and gRNA4, if the complete fragment between them had been excised. The bands were cut
and extracted from the gel in three groups: 1) the smallest band of around 200 bp; 2) the largest
fragments, which corresponded to a faint double band, at about 430 bp, which would be expected if
editing had not occurred; and 3) the middle bands, of which there were at least two, ranging from 300-
400 bp (Figure 4.13). The middle bands, which were impossible to cut from the gel separately, were

expected to correspond to a mix of edited fragments.

The fragments were then cloned into separate plasmids containing the ccdb killer gene using the Zero
Blunt™ TOPO™ PCR Cloning Kit (Thermo Fisher, UK). E. coli cells were transformed with the
TOPO-mixture and individual colonies were used to inoculate 3 mL of YT broth and incubated
overnight. DNA was extracted from the colonies (all samples showed concentrations between 117.5
and 243.1 ng/uL) and sent for nucleotide sequence analysis. Four colonies were chosen from Group 1,
and six colonies were chosen from the remaining groups. Whilst the larger fragment of 430 bp aligned
to the genomic cv. Cadenza sequence of TaASN2 perfectly, the sequencing results of the shorter bands
could not confirm editing at the expected sites. Indeed, the sequences produced little or no similarity
with the genomic cv. Cadenza TaASN2 sequence. The first assumption was that there was non-
specific amplification by the ASN2-F2 and ASN2-1R primer pair. However, BLAST searches of the
sequence results against the cv. Cadenza genome returned no clear matches, whereas BLAST searches
using the ‘non-edited” sequences returned hits to TRASN2 on all three genomes, along with hits to
TaASN1 on chromosome 5. It was possible that the amplicons corresponded to regions on the vectors;
however, this was checked, and the amplicons did not match the vectors. A further protoplast
transformation experiment was conducted, and the DNA was extracted. The subsequent PCR, using
the ASN2-F2 and ASN2-1R primers, did not yield a band-shift pattern, although transformation
efficiency was extremely low at around 23 %, and further optimisation would have been needed to

make this an effective trial assay.

4.2.8. Attempted generation of a second gRNA-containing plasmid via GG
assembly

The gRNA construct, pRRes209.481.ASN2, containing the four gRNA guide sequences designed to
target exon 1 of TaASN2, was generated using the gRNA scaffold suggested by Dang et al. (2015).
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This scaffold had not been used at Rothamsted Research before, so a second construct, containing the
same four gRNAs but using the conventional scaffold (Mali et al., 2013b), was conceived. This
scaffold had been used in successful wheat genome editing experiments at Rothamsted Research
(Camerlengo et al., 2020). Despite the construct being designed in the same way as
pRRes209.481.ASN2, all attempts to make this second construct failed. The major bottleneck existed
in the PCR generation of the GG Level 1 fragments, which may have been caused by the high ‘GC’
content of both the primer and wheat chromosomes generally (as has been seen in investigations into
the Rht genes (Pearce et al., 2011)), the large overhangs of the primers themselves or the complex
secondary structure of both the gRNA scaffolds and the tRNAs. The function of both the tRNAs and
the gRNA scaffold relies on their complex secondary structure; however, this could hamper

amplification by PCR.

4.3. Discussion

4.3.1. Differences between varieties Chinese Spring and Cadenza

Although the initial gRNAs, ‘eRNA1’ and ‘gRNA2’, were designed to target the cv. Chinese Spring
TaASN2 genomic sequence, they both corresponded to conserved regions in the cv. Cadenza genome
(Appels et al., 2018) and thus were retained as potentially viable gRNAs for editing Cadenza. They
were used in conjunction with the two newly designed, untested gRNAs, ‘gRNA3’ and ‘gRNA4’, in
the creation of a multiplexed gRNA construct, pPRRes209.481.ASN2, for cv. Cadenza isolated embryo

transformation.

Chinese Spring only contains two homeologues of TaASN2, one on chromosome 3A and one on
chromosome 3D, whereas Cadenza contains three homeologues, with a chromosome 3B version of
TaASN2. As such, designing gRNAs for the Cadenza genome added an increased level of complexity
due to the increased number of single nucleotide polymorphisms present between the genomes. The
potential gRNA sites in the first exon of TaASN2 were limited, increasing the reliance on the
optimisation of the protocol with the existing gRNAs.

Further to this, the potential for deletion events in the first intron in wheat cv. Cadenza to cause issues
with the binding of reverse primers, further limited the design of reverse primers for the amplification
of the first exon target site. There is the potential to exploit this, where the same set of primers would

amplify dramatically different size fragments (where the 3A and 3B would produce fragments which

were larger than the 3D amplicon by 302 bp and 1236 bp, respectively), allowing for discrimination

between the genomes through one PCR reaction. This is being followed up in another PhD project.

Whilst the first exon of TaASN2 is the ideal site to target to ensure a complete knock-out (i.e. to

preclude the production of a functional protein), targeting the second exon would almost certainly
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generate a dysfunctional protein as well, and would have been explored as a second option should the
targeted editing of the first exon of TaASN2 failed.

4.3.2. Effectiveness of protoplasts

The use of protoplasts may provide a quick and relatively easy way to assess gRNA efficiency,
without the expensive investment in wheat embryo transformation. However, wheat is recalcitrant to
regeneration from protoplasts. As a result, this method would be useful only to assess gRNA

efficiency, and not a viable option to produce stably edited plants.

The protoplast protocol used was based on that of Shan et al. (2014), which was wheat-optimised to
increase transformation efficiency. A new plasmid was generated that contained the Cas9 gene,
placed behind a wheat Actin gene promoter, using pRRes208.381 as a donor plasmid. This plasmid
was used in conjunction with the Ubi-Cas9 plasmid (from the University of Bristol), and the two
gRNAs, to transform Triticum aestivum cv. Cadenza leaf protoplasts in a trial assay system. Extracted
protoplast DNA was screened using the PCR with conserved primers, and subsequent nucleotide
sequence analysis of the generated amplicons. Despite evidence to suggest a disrupted recognition site
for a restriction enzyme, nucleotide sequencing results did not indicate obvious editing in the

extracted protoplast DNA.

Chloroplast auto-fluorescence is a well-known problem facing plant-tissue microscopy (Krause &
Weis, 1991). This auto-fluorescence, with a peak of approximately 680 nm, helps maximise
photosynthetic activity through a re-absorbance mechanism. This can interfere with the eGFP
fluorescence signal. This issue was addressed by using dark-grown seedlings and exposing them to as
little light as possible during the protoplast generation and transformation procedures. Protoplasts
have a limited lifespan of only a couple of days. Upon death, the cellular products break down,
emitting further auto-fluorescence as they do so. To mitigate this, nuclear-tagged GFP was used,
which generated a distinctive and concentrated nuclear fluorescence, enabling the accurate

identification of transformed protoplasts.
4.3.3. Detection of editing events in protoplast trial assays

The protoplast test assays showed unreliable and low transformation efficiencies, which made it
difficult to judge the effectiveness of the gRNAs. Editing may not have been seen because the gRNAs
were inefficient; however, alternatively, and considering the future success of the designed gRNAs,
editing may not have been seen due to the inefficient transformation and poor-quality protoplast
material. The use of pPENT4sgRNA4.Spo11, a control plasmid that is known to reliably cause editing
in protoplasts at the University of Bristol, would have allowed an assessment of the functionality of

the protoplast system. However, it was decided to proceed with the gRNA constructs that had been
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produced and use them to produce genome edited wheat plants (Chapter 5) rather than persevere with

the protoplast trials.

The protoplast system relies on detecting edits from a PCR performed on pooled DNA, i.e. DNA
extracted from a population of protoplasts. It is possible that the four gRNAs from
pRRes209.481.ASN2 produced editing when transformed into protoplasts, but that these editing
events were not frequent enough to be detectable. Most previous plant studies have relied on the
existence of a convenient restriction site at the editing position (Belhaj et al., 2013; Feng et al., 2013;
Xing et al., 2014; Bortesi and Fischer, 2015; Shan et al., 2013; 2013b; Upadhyay et al., 2013; Wang
et al., 2014), with positive editing resulting in the generation of an ‘uncut’ band and a distinct
digestion pattern of the target amplicon. In the case of protoplast populations (Shan et al., 2013), this
uncut band can be purified from the gel, enriching for edits at that site. Another method that has been
used is the detection of a ‘band-shift’ after the target region is amplified by PCR (Nekrasov et al.,
2017; Belhaj et al., 2013). If more than one gRNA is used, there is the potential that the region
between the gRNAs will be excised from the gene when it is repaired. This would result in a PCR
product that is smaller than the non-edited version, producing a ‘band-shift” when visualised by gel
electrophoresis. The SexAl enzyme was used to screen the protoplast population; however, this would
have only provided information on one of the four editing sites chosen. The first exon of the TaASN2
gene was amplified to look for distinctive editing patterns, such as a pattern of bands of smaller sizes,
showing large deletions in the target site, as has been seen previously in tomato (Nekrasov et al.,
2017).

The detection of edits when there are no available restriction sites has proven more challenging. Not
all edits produce large deletions, and we now know more about the wide range of possible edits
produced from the same gRNAs (Chapter 6). Furthermore, a large deletion is not required to impair
gene function and this method of detection cannot be relied upon when only a single gRNA is used.
The use of a single gRNA might be a strategy to reduce potential off-target effects, although it should
be noted that this is an overly-simplistic strategy, given that there is marked variability in the off-
target binding sites and DNA cleavage rates among different gRNAs (Kuscu et al., 2014; Tsai et al.,
2015). In wheat, this is further compounded by polyploidy. Not only may the DNA come from a
population with the potential for a variety of different edits, but each protoplast itself may be edited
homozygously or heterozygously in one or more of the A, B or D genome genes. Thus, the presence
of a single, heterozygous, nonsynonymous polymorphism in the B genome of a single protoplast, for
example, would be almost impossible to detect when analysing the entire population. The expectation
was that large deletions would be created from the use of multiple gRNAs; however, analysis of the
transformed wheat plants (Chapter 5; 6) has shown that this is not a frequent occurrence and that a

variety of edits could occur within a single plant, let alone within an edited population. Thus, a quick,
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efficient way to detect editing events from the background WT protoplast population would be needed

for the protoplast system to be effective.

The coverage and number of reads generated by next generation sequencing might allow for the better
detection of edits in protoplasts than can be achieved by PCR. This was not used here but was
employed extensively in the subsequent analysis of edited wheat plants (Chapter 6), partly because of

the experience gained in the protoplast study.
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Chapter 5
Transformation, TILLING and TO analysis
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5.1. Introduction

5.1.1. Plant transformation methods

Genome editing is a breakthrough technology that has the potential to revolutionise crop research and
improvement by providing targeted, precise changes in the genome. However, a key bottleneck

remains with genome editing: the need for fast and effective plant transformation methods. The basis
of genetic transformation is the integration of a DNA fragment, containing a gene of interest, into the
host plant cell’s DNA. Transgenic plants are then regenerated from the transformed cells using tissue

culture methods.

Despite nearly 40 years of development, the transformation and regeneration methods for many crop
species remain difficult, and this has hampered functional genomic research in those species (Shrawat
and Lorz, 2006; Hiei et al., 2014; Altpeter et al., 2016). Plant tissue culture methods require
optimisation for each species and expertise for success. As a result, specialised facilities, such as the
Cereal Transformation Facility at Rothamsted Research, are required. In the case of Agrobacterium
(Agrobacterium tumefaciens)-mediated transformation, methods are restricted to specific genotypes,
species or genuses (Nam et al., 1997), and it is common that cell types that are easily transformed,
such as protoplasts, are not the easiest to regenerate. Biolistic transformation can be used on a wider
range of genotypes (Altpeter et al., 2005); however, regeneration levels can be lower than those seen
in methods such as Agrobacterium-mediated transformation. There are many factors that can alter
plant regeneration and successful transformation, including microparticle parameters, the quantity of
DNA and particle coating, tissue type, and osmaotic treatment (Frame et al., 2000; Kausch et al., 1995;
Klein et al., 1988; Vain et al., 1993; Sivamani et al., 2009; Altpeter et al., 2016).

The first genetically stable transformed plant tissues were produced in the 1980s (Zambryski et al.,
1980; Bevan et al., 1983; Herrera-Estrella et al., 1983; Fraley et al., 1983). In wheat, the main
methods for plant transformation are biolistics and Agrobacterium-mediated transformation using

immature embryos.
5.1.1.1. Agrobacterium tumefaciens-mediated transformation

Agrobacterium-mediated transformation is a technique based on Agrobacterium tumefaciens and there
are similar techniques involving related Agrobacterium species. Agrobacterium tumefaciens is a well-
known soil bacterium that can cause crown gall disease in plants by introducing T-DNA (transfer
DNA), located on a Ti plasmid, into the plant cell (Gelvin, 2003). It is this ability to transform plant

species that has been harnessed for the purposes of plant genetic engineering.

The first successful Agrobacterium-mediated transformation of wheat took place in 1997 (Cheng et

al., 1997); however, it remained a difficult and inefficient process in most cereal species, with low
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transformation efficiencies recorded in wheat (Shrawat and Lorz, 2006; Ishida et al., 2015). However,
Agrobacterium-mediated transformation is arguably the most popular method for transforming plants
and it has clear advantages over other transformation methods. These include a low transgene copy
number, as well as the stable integration of intact transgenes into the plant genome (Jones et al.,
2005). Recently, Agrobacterium tumefaciens strains have been successfully utilised to transform
plants with the genetic components for genome editing in cereal species (Zhang et al., 2019; Miao et
al., 2013; Char et al., 2017; Svitashev et al., 2015).

5.1.1.2. Biolistic transformation

Biolistic bombardment was the method employed in this project for the generation of TaASN2 mutant
wheat plants through genome editing. The first transgenic wheat produced by direct DNA transfer
using particle bombardment was generated in 1992 (Vasil et al., 1992), before the first use of
Agrobacterium-mediated transformation in wheat. It involved the transformation of embryogenic
callus tissue with the bar gene for phosphinothricin acetyltransferase activity and tolerance of

herbicides based on phosphinothrycin (PPT).

Biolistic transformation, also known as “particle bombardment” or the “gene gun technique”, was
designed in Cornell University in 1987 for the specific transformation of cereal species that were
recalcitrant to Agrobacterium-mediated transformation (Sanford et al., 1987; Sanford, 1988), although
its range is not limited to cereal species. The system is not dependent on host specificity or species
limitation and many different plant tissues can be used as a target, including meristem, embryos and
callus (Christou, 1996; Romano et al., 2001; Morikawa et al., 1989; Twell et al., 1989; Reggiardo et
al., 1991; McCabe and Martinell, 1993; Christou et al., 1988). The method focuses on the delivery of
nucleic acids to cells by high-speed particle bombardment. The technique uses nucleic acid-coated
particles propelled by a pressurized gas to transform plant tissue. It is now a common method used for
the nuclear transformation of plants, but it is also particularly effective for chloroplastic or
mitochondrial transformations (Bonnefoy and Fox, 2007; Daniell et al., 1990). As well as the
generation of transgenic plants, it is often used for applications such as transient gene expression
studies in which the introduced DNA does not necessarily integrate into the host genome (Taylor and
Fauquet, 2002; Oard et al., 1990; Wang et al., 1988; Daniell et al., 1990; Kartha et al., 1989;
Morikawa et al., 1989; Twell et al., 1989; Reggiardo et al., 1991).

The gene gun used in biolistic transformation consists of a high-pressure and a low-pressure chamber,
separated by a diaphragm. The pressure difference causes the diaphragm to break, launching a
projectile along a barrel and onto a porous screen. The projectile is coated with nucleic acid-covered
microparticles for the transformation procedure. The nucleic acid is most often DNA in the form of a
plasmid vector and the microparticles are usually made of gold (Sandford et al., 1993; Sandford,

2000; Frame et al., 2000). The projectile is stopped by the screen but the DNA-covered microparticles
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pass through and are launched towards a plate containing the target plant tissue. As the microparticles
perforate the cells, the DNA is released and in a small proportion of cases may integrate into the plant
DNA.

Gold particles are often used, alongside other dense metals such as platinum and tungsten, because the
probability of the microparticles entering the cells is proportional to their kinetic energy. These metals
also have low cellular toxicity (Southgate et al., 1995; Frame et al., 2000; Oard et al., 1990).

Particle bombardment has been used on a range of plant species (reviewed in Rivera et al., 2012), and
it has been employed successfully to deliver genome-editing reagents in multiple crop plants,
including wheat (Zhang et al., 2016b; Liang et al., 2017; Liang et al., 2018; Wang et al., 2014), rice
(Shan et al., 2014; Oliva et al., 2019) and maize (Svitashev et al., 2015; 2016).

When comparing biolistic and Agrobacterium-mediated transformation in rice (Dai et al., 2001) and
barley (Travella et al., 2005), the Agrobacterium-mediated method showed a higher percentage of
transgenic plants containing intact copies of foreign genes, especially non-selective genes, and more
stable transgene expression (Dai et al., 2001). Furthermore, biolistic transformation often results in a
high copy number of the introduced genes, which can be particularly undesirable for selectable
markers and, for genome-editing purposes, the Cas9 gene. In both methods, the DNA randomly
integrates into the plant cell’s DNA, with no control on integration site, so the more copies that
integrate the more chance there is of inadvertent gene silencing (Anand et al., 2003; Alvarez et al.,
2000; lyer et al., 2000; Demeke et al., 1999; Chen et al., 1998). The plant tissue can also suffer tissue

damage, leading to low throughput.

On the other hand, biolostic transformation has the advantage of circumventing the host-range
limitations that can be encountered when using Agrobacterium tumefaciens or other Agrobacterium
species. Furthermore, many tissue and cell types can be transformed, the transformation protocol is
relatively simple, large DNA fragments can be delivered (up to 53 kbp; Partier et al., 2017), no
specific binary vector is required, and multiple plasmids can be co-bombarded with high levels of co-
transformation (Wu et al., 2002). The system is also not limited to DNA delivery, leading to the
possibility of bombarding cells with Cas9-gRNA complexes (also known as ribonucleoprotein
complexes (RNP)) and editing plants without involving DNA or a transgene (Woo et al., 2015; Liang
etal., 2017; 2018; Kim et al., 2017).

5.1.2. Regulations governing genome-edited plants in the European Union

Whilst genome editing provides the ability to induce targeted mutations in wheat, including the rapid
targeting of all three homeologues simultaneously, the regulatory situation surrounding genome-
edited plants was unclear at the start of the project and remains unclear at the time of writing. An
opinion issued by the European Court of Justice (ECJ) in July 2018 (Opinion Case C-528/16) on

proceedings brought by Confédération Paysanne, a French farmers’ union, stated that organisms
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obtained by genome editing should go through the same risk assessment and approval process that is
applied to genetically modified (GM) crops. GM crop approvals are time-consuming and expensive in
the EU, and many Member States ban GM crop cultivation altogether (Menz et al., 2020). One of the
consequences of the ECJ ruling was that the genome-edited plants generated in this project had to be

grown in a containment glasshouse.

Another problem at the start of the project was that the intellectual property situation surrounding the
CRISPR/Cas9 technology was still being contested. It was, therefore, decided that a parallel approach
should be taken that utilised a wheat TILLING (Targeting Induced Local Lesions IN Genomes)
population produced by chemical mutagenesis (Krasileva et al., 2017), because any lines produced
through that approach would face no regulatory or intellectual property barriers to commercialisation.

5.1.3. TILLING population

Chemical and radiation mutagenesis have been used in crop improvement since the late 1920s,
although the genetic redundancy in wheat, due to its polyploid nature, makes it difficult to screen
wheat mutant populations on the basis of phenotypic changes (Dubcovsky and Dvorak, 2007; Wang et
al., 2014; Borrill et al., 2019). This is overcome by TILLING, a reverse genetics method that allows
for the identification of point mutations in specific genes in a population, regardless of any phenotype.
Wheat is especially well-suited for TILLING due to the high mutation densities tolerated by
polyploids (Tsai et al., 2013; Krasileva et al., 2017). Mutations in the individual homeologues can be
identified and combined to generate loss-of-function mutants, which will overcome the effect of

genetic redundancy.

Two TILLING populations were available, a tetraploid durum wheat (Triticum durum) cv. ‘Kronos’
population and a hexaploid bread wheat cv. ‘Cadenza’ population (Krasileva et al., 2017). They had
been developed as part of a joint project between the University of California Davis, Rothamsted
Research, the Earlham Institute, and John Innes Centre. The populations consist of 1,535 Kronos and
1,203 Cadenza EMS-mutagenized M2 plants that have been exome-sequenced using Illumina next-
generation sequencing. The sequences were mapped to the IWGSC RefSeq v1.0 assembly, and
mutations were identified. The effects of the mutations can be predicted based on the RefSeqv1.0
protein annotation. As knock-out mutations are available in most wheat genes, the population
provides an invaluable resource for identifying mutations in specific genes. Although these
populations were originally produced with TILLING in mind and continue to be referred to as
TILLING populations, the availability of nucleotide sequence data on the exomes of the entire

populations means that TILLING for suitable mutations is no longer required.
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5.1.4. Chapter aims

The aim of the work described in this chapter was to generate stably transformed genome-edited
wheat plants with mutations in the TaASN2 genes. In order to do this, isolated wheat cv. Cadenza
embryos were subjected to biolistic transformation with the gRNA-containing plasmid,
pPRRes209.481.ASN2, alongside a Cas9-containing construct and a construct used for selection. TO
plants were regenerated and their DNA was isolated. PCR reactions were run to try to identify plants
carrying large-scale editing events, such as large deletions or insertions.

Alongside this, a wheat TILLING population was analysed for mutations in the TaASN2 gene. Plants
were identified carrying stop mutations in all six alleles (i.e. both alleles of all three genomes), with

the aim of crossing these lines to generate a TaASN2 triple null line.

5.2. Results

5.2.1. Transformation of Triticum aestivum cv. Cadenza embryos with the
plasmid pRRes209.481

Immature embryos were transformed via biolistic bombardment. The transformation was conducted
by Lucy Hyde at the Cereal Transformation Facility at Rothamsted Research. Three plasmids were
co-bombarded into the embryos: pRRes209.482.ASN2; pRRes217.486, containing a Cas9-encoding
construct; and the pRRes111.1 plasmid, which contains the BAR gene, encoding phosphinothricin N-
acetyltransferase for tolerance of the herbicide Basta. Both additional plasmids (Figure 5.1) were
obtained from Alison Huttly (Rothamsted Research).
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Figure 5.1. The three plasmids used in the project. Top: pRRes209.481.ASN2 (generated in Chapter
4). Middle: the pRRes111.1 plasmid, containing the selectable marker gene (BAR), obtained from
Alison Huttly (Rothamsted Research). Bottom: pRRes217.486, with a construct containing the Cas9

gene, obtained from Alison Huttly (Rothamsted Research).

A total of six bombardments were conducted, with the first two bombardments occurring on the same
day. The following bombardments took place over many weeks and so only the plants from the first
bombardment were taken forward. Plants from the following bombardments were planted out but

discarded when the editing efficiency of the first two bombardments was assessed.
5.2.2. Analysing the TO population for Cas9 and BAR integration

The TO plants were regenerated under selection and analysed for editing and transformation. The
plants were initially genotyped for the presence or absence of the resistance marker and Cas9 gene.
The six bombardments generated a total of 92 plants, 77 (84 %) of which showed Cas9 integration
and 84 (91 %) BAR integration. Only eight plants showed BAR integration without Cas9, and only one
plant showed Cas9 integration without BAR.
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5.2.3. Analysing the TO population for editing events

Due to the lack of a convenient restriction site, restriction analysis to identify editing events could not
be performed. Instead, plants were initially screened by amplicon amplification and band separation
via gel electrophoresis, because large editing events would reduce the size of the amplicon. This
method is limited in its ability to detect small edits, such as base substitutions, single (or small) base
pair deletions or insertions and transversions. Generic primers (ASN2-2F and ASN2-1R, with an
expected product size of 421-433 bp) were used to amplify the A, B and D genomes simultaneously,

leading to six potential different editing patterns.
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Figure 5.2. Electrophoresis gel showing the products of PCR amplification of the first exon of
TaASN2 in the TO plants from the first bombardment, using the 2 x ReddyMix polymerase and the
ASN2-2F and ASN2-1R primers. The expected band was around 430 bp and the PCR products were
run against the 2-Log DNA Ladder (0.1-10.0 kbp) (New England Biolabs, Hitchin, UK). * denotes

potential triple nulls.

From initial amplification of the target site, only two potential null mutants were identified in the TO
genome edited plants (Figure 5.2). However, A genome nulls were also of interest because RNA-seq
data had shown the A genome copy of TaASN2 to be much more highly expressed (> 3-fold
difference) than the D genome copy (Section 3.3.2; Curtis et al., 2019). In fact, the A genome copy of
TaASN2 was responsible for more than half of the total asparagine synthetase gene expression

(including TaASN1-4) in the grain under both sulphur sufficiency and deficiency and at both 14 and
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21 days post-anthesis, suggesting that genetic interventions aimed just at this gene could bring about a

substantial reduction in asparagine synthetase activity.

The samples were extracted from the gel and the two potential triple mutants were analysed for their
nucleotide sequences. This identified a 62 bp deletion between the two inner gRNAs, although it was
difficult to distinguish all three genomes from the sequence data and thus confirm the presence of

mutations in all three genomes.

The PCR was re-run using a different polymerase (Q5) and forward primer (ASN2-F1, used with
ASN-1R), showing a WT band in the potentially edited samples. This suggested that a visual band
shift pattern was unlikely to be a good indicator for editing events (Figure 5.3). Similar PCRs were
carried out for the remaining bombardments. Editing events in the TO were not accurately assessed
and consequently plants were taken forward from the first bombardment on the basis of survival and

seed number for editing to be confirmed later.
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Figure 5.3. Electrophoresis gel showing secondary PCR amplification of the first exon of TaASN2 in
the TO plants from the first bombardment, using the Q5 polymerase and the ASN2-F1 and ASN-1R
primers. The expected band was around 430 bp and the 2-Log DNA Ladder (0.1-10.0 kbp) was used.

* denotes the potential triple nulls.

5.2.4. Characterising the TO edits through nucleotide sequence analysis of the

T1 plants

Eventually the frequency of editing events in the TO lineages was assessed from the T1 Next

Generation sequencing (NGS) nucleotide sequence analysis (described in Chapter 6). Out of the 14 TO
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lines that were taken forward, 11 of them showed some form of editing and 9 of the lines showed
plants with edits in all three of the genomes (Table 5.1). A total number of 181 T1 plants were planted
from the 14 TO plants, with 9-20 plants sown for each line, depending on the available seed number.
From this, 167 plants were subjected to NGS analysis (Chapter 6). Out of the original 14 TO lineages,
11 showed editing present, with nine TO lineages showing editing in all three genomes.

Table 5.1. The lineages and genotypes of the chosen TO plants, and the T1 progeny that was planted
from them. The number of TO lines that were edited is assessed from the editing seen in the T1 plants.
The number of T1 plants derived from the TO lineages and the number subjected to NGS analysis is
also shown. From this, the number of plants that show editing in any form, and the number of plants
that show editing in all three homeoalleles simultaneously is recorded.

TO Plant No. of T1 No. of plants Editing Editing in all
Lineage T4 Plants plants analysed present genomes
R3P1 12-23 12 11 11 11
R3P5 24-35 12 10 10 5
R5P3 36-47 12 11 9 0
R5P4 48-59 12 12 10 8
R5P6a 60-79 20 18 0 0
R6P1 80-91 12 11 0 0
R6P2 92-103 12 11 11 7
ROP1 104-123 20 20 18 2
R10P1 124-135 12 12 0 0
R14P2 136-147 12 9 8 6
R14P3 148-159 12 11 8 3
R15P1 160-171 12 11 11 7
R17P1 172-183 12 12 3 0
R17P3 184-195 9 8 8 6
Total no. 181 167 107 55

5.2.5. TILLING mutants

Due to the regulatory issues regarding genome editing, and the commercial interest in the project,
TILLING (Targeting Induced Local Lesions in Genomes) mutants were also investigated. Lines
containing mutations resulting in the introduction of in-frame stop codons were identified in all three
homeoalleles of the TaASN2 gene in an EMS-mutated cv. Cadenza population (Krasileva et al.,
2017).
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Figure 5.4. Diagram showing the mutations in mutant lines chosen from the cv. Cadenza TILLING
population (Krasileva et al., 2017). Lines with mutations in the A, B and D homeologues are shown,
and the exons of the TaASN gene are highlighted in yellow. The positions of the mutations
introducing stop codons in the genes of the chosen lines are highlighted by a red box.

In the A genome, there was a single ‘stop mutation’ identified in the third exon of the TaASN2 gene,
but this mutation was shared by two lines: Line 1048, which was homozygous for the mutation, and
Line 1002, which was heterozygous for the mutation. There were further mutations identified in the
8" (Line 1575), 9" (Line 1585) and 11 exons (Lines 1655 and 0469), which were all heterozygous.
In the D genome, there were two stop mutations identified in the TaASN2 gene. These were in Line
0053, which was homozygous for this mutation, and line 0764, which was heterozygous for the
mutation. The mutation in Line 0053 was in the 2" exon of the gene, whilst the mutation in Line 0764
was in the 3" exon. A single stop mutation, in the 3 exon of the gene, was identified for the B

genome. This was in Line 0277, which was heterozygous for this mutation.

Accessions 1048, 0277 and 0053 were chosen to be introduced into a crossing programme, conducted
at one of the project partners, RAGT, so that the mutations could be stacked to give triple and partial
null mutants, with specific interest in the A genome null mutant. It was decided to stack the mutations
in variety Claire, which, unlike Cadenza, is one of the varieties already lacking a B genome TaASN2,
in order to reduce the number of crosses required. This work is ongoing, with an A/B genome null

line expected to be ready by June 2021.

Mutations were also identified in the tetraploid cv. Kronos population. In the A genome, four lines
were identified with stop codons in the TaASN2 gene. These were Line 2032 (exon 2, heterozygous),
Line 1388 (exon 3, heterozygous), Line 3562 (exon 7, heterozygous) and Line 3629 (exon 8,
homozygous). In the B genome, two lines were identified, both carrying stop mutations in the 9™

exon. These were Lines 2395 and 2646, and both lines were heterozygous for the mutation.
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5.3. Discussion

5.3.1. Transformation of the wheat plants and analysis of the TO generation

Edit detection remains difficult in genome edited plants (Grohmann et al., 2019; Zhang et al., 2019),
with multiple methods often employed to characterise the mutations generated (Kim et al., 2018;
Zhang et al., 2019). The initial analysis for edits in the TO plants produced in this study relied on
amplification of the target site, with the hope that successful editing would produce a size difference
in the subsequent amplicon (Nekrasov et al., 2017). This skewed edit detection towards ‘knock-outs’
between the gRNAS; however, there are a variety of smaller edits that would lead to loss of function
of the encoded protein, such as single base pair deletions or insertions, or non-synonymous
substitutions. Furthermore, this method of edit detection did not appear to be particularly reliable,
giving inconsistent results depending on the polymerase used. Thus, the edits were investigated using
NGS to better understand the precise nature of the edits present in the T1 generation (Chapter 6). As
editing could not be accurately assessed in the TO generation, plants were taken forward to the T1
generation based on survival and seed number, rather than on the presence of successful editing
events. Whilst the PCR reactions to amplify the first exon of TaASN2 were carried out for the
subsequent bombardments, the plants were not taken forward, due to the success of the original (first
bombardment) plant lines. As the biolistic bombardments were carried out over a period, by the time
that the PCR reactions were conducted to assess the last of the TO plants, the T1 plants from the first
bombardment were already being analysed by NGS and it was becoming clear that editing had been
achieved (Chapter 6).

The presence of editing in the TO lines was later estimated from the edits seen in their T1 progeny
(Table 1); however, this does not account for the potential trans-generational CRISPR/Cas9 activity
and so may not accurately reflect the presence of editing in the TO lines. This showed an extremely
high frequency of editing in the TO generation, with 11 out of the 14 lines showing some form of
editing present (78.6 %) and nine lines showing editing in all three homeologues (64 %). Five of the
TO lines (R3P1, R3P5, R6P1, R15P1, R17P3) showed editing in all of the T1 plants, and one line,
R3P1, showed editing in all three genomes in 100 % of the T1 plants. This is higher than has
previously been reported in wheat. Wang et al. (2014) obtained a mutational frequency of 5.6 % when
targeting the A genome homeologue of the TaMLO locus. Okada et al. (2019) obtained biallelic
mutations at an efficiency of only 5 % when targeting the Ms1 gene in wheat. Zhang et al. (2016b)
saw editing efficiencies of up to 10 % through CRISPR/Cas9 DNA or RNA transient expression,
although lower frequencies are expected when selection is not used. The high mutational rate
achieved in this study could be due to simultaneous targeting of one gene by 4 gRNAs alongside use

of a wheat-optimised Cas9 gene.
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The biolistic bombardments of the three plasmids showed successful co-transformation of the wheat
embryos, with 76 plants showing integration of both the Cas9 gene and the BAR gene, which was
expected as the plants were selected for BASTA resistance. The integration of the gRNA-containing
plasmid has not been determined; however, given that 11 out of the 14 TO lines showed successful
editing, it is likely this also showed high levels of integration. The copy number of these genes is
unknown and, despite the fact that regulations covering genome-edited plants classify them as GMOs,
regardless of the presence or absence of a transgene, it may be important to pursue transgene-free

lines.
5.3.2. Selecting TILLING mutants

The TILLING lines are of particular use to the project’s plant breeder partners, given the current
uncertain regulatory situation for genome edited crops in the UK and European Union. The genome
editing focused on targeting mutations to the first exon of the TaASN2 gene, which encodes
components of the glutamine-binding domain of the enzyme, in an attempt to render the enzyme
completely dysfunctional. Targeting is not possible with chemical mutagenesis, of course; however,
TILLING lines were identified that possess stop mutations in the 2" and 3" exons. The proteins
encoded by these mutant alleles might possess functioning glutamine-binding domains (Xu et al.,
2018), but it is highly unlikely that they could contribute to asparagine biosynthesis since they would
lack the aspartate-binding domain. Mutations were also identified in the tetraploid cv. Kronos
population; however, these have not so far been used in a breeding programme. The Cadenza
mutations have been crossed into the Claire background for ease of use with the industry partners.
Claire already lacks a B genome version of TaASN2, like Chinese Spring (Xu et al., 2018), reducing

the number of crosses required to generate a null genotype.
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Chapter 6

Characterisation of Editing Events using Next
Generation Sequencing (NGS) Nucleotide Sequence

Analysis
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6.1. Introduction

CRISPR/Cas9 editing can be of low efficiency, and this, coupled with the complexity of the wheat
genome and the fact that not all edits are created functionally equal, meant that the presence of editing
events in the transformed plants needed to be confirmed, and the edits assessed for their functional
effect. A single base pair substitution in the third base of a codon, for example, may have no effect on
the encoded protein due to the redundancy of the triplet code. Similarly, the deletion of a whole codon
could also have little effect if the encoded amino acid were not important in protein function or
folding. Enzymes TaASN1 and TaASN2, for example, only show around 85 % similarity in the
nucleotide sequences encoding them, yet have similar biochemical properties (Raffan and Halford,
2021; Xu et al., 2018).

6.1.1. Edit analysis by nucleotide sequence analysis

As mentioned in Chapter 5, further characterisation of the edits present in the transformed plants was
needed. More than the presence and absence, the functional effect of the edits needed to be
characterised. The methods described in Chapter 5 could only detect the presence of some types of
mutation and could not determine the nucleotide sequences of the mutated genes, and so did not give
a detailed characterisation of the edits or their predicted effects. One method to achieve this is to clone
and analyse the undigested product from the PCR-RE analysis (Section 4.2.5) (Feng et al., 2016).
This method has already shown success in wheat when targeting the TaMLO genes (Wang et al.,
2014), with the mutations being confirmed by nucleotide sequence analysis. However, this strategy
restricts target sequences to those that contain a restriction enzyme site. Despite the use of the SexAl
restriction site in the protoplast system (Section 4.2.5), this was not applicable to the edited wheat

lines because gRNA2 was the only gRNA that overlay a restriction site.

An alternative strategy would be amplification of the target site via PCR with genome-specific
primers, and then nucleotide sequence analysis of the purified amplicons from each individual plant
via Sanger sequencing to provide information on the edits present. However, direct nucleotide
sequence analysis of the PCR amplicons would result in superimposed sequence chromatograms that
would be difficult to interpret. Another alternative would be the amplification of the target site via
PCR, cloning of the amplified bands, and analysis of the individual cloned fragments though Sanger
nucleotide sequence analysis (Howells et al., 2018). Had a suitable restriction site been present at the
target site, the DNA could have been enriched using a restriction digest (Shan et al., 2013). Due to the
number of plants to be analysed, the polyploid nature of wheat and the variety of potential edits that
could be present, the cost and time to complete the analysis this way was determined to be too high
and other methods were available. Ma et al. (2015; 2016) and Liu et al. (2015) reported a degenerate

sequence decoding (DSD) method which was used to identify the mutated sequences from
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superimposed chromatograms in rice and Arabidopsis, potentially bypassing the tedious and
expensive cloning process. Wheat, however, still presents a particularly difficult challenge when it
comes to edit identification due to its polyploid nature.

High-throughput nucleotide sequence analysis, such as Next Generation Sequencing (NGS), of the
whole genome or single/multiple PCR amplicons allows for the detection of low frequency mutations,
and has even been used to detect somatic mutations (Fauser et al., 2014; Feng et al., 2014). It is also
useful for identifying possible off-target effects (Ueta et al., 2017). NGS nucleotide sequence analysis
has been increasingly used for the analysis of CRISPR/Cas9 genome editing experiments. The
method has been employed in a variety of plant species, including Arabidopsis (Fauser et al., 2014;
Feng et al., 2014; Kim et al., 2016), a wild tobacco species (Kim et al., 2016), tomato (Ueta et al.,
2017), rice (Lu and Zhu, 2017) and wheat (Wang et al., 2018). However, despite the decreasing costs
of nucleotide sequence analysis, it is often seen as an expensive and complex method. Furthermore, it
generates a large amount of data to be processed and requires specialist bioinformatic analysis.
Multiplexing the NGS is a cost-effective way to screen multiple plants simultaneously through pooled
barcoded amplicons. Barcoded DNA libraries are generated in one of two ways, either through
ligating adaptor sequences to fragmented DNA, or by designing PCR primers that incorporate the
barcode and adaptor sequences, so that the barcodes and the appropriate adaptors are added to the

PCR product during the amplification process (Bell et al., 2014).
6.1.2. Chapter Aims

The aim of the work described in this chapter was to characterise the edits present in the T1 and T2
plant generations, with the objective of identifying edited lines to progress forward. ldeally, these
lines would have been homozygous for an edit that was predicted to impair TaASN2 function, and
would lack the Cas9 gene due to it being segregated away. The detection of mutations was performed
using Next Generation Sequencing (NGS) nucleotide sequence analysis of target site (first exon of the
TaASN2 gene) amplicons. The samples were bar-coded using adaptors of four bases between the
target-specific primer and lllumina TruSeq adaptors (Table 1), allowing multiple samples to be pooled
in the NGS analysis and reads assigned to the plants they were derived from using the barcodes. The
aim of the NGS analysis was to identify T1 and then T2 plant lines to take forward for further
analysis, including A genome null and triple null lines. The A genome nulls were desirable as it was
unknown what effect the triple null mutations would have on plant function and health. The A
genome gene was identified as being the most important gene for asparagine synthetase gene
expression in the grain of wheat (Figure 3.2; Curtis et al., 2019) and it was proposed that knocking out
the A genome gene alone may be enough for a step reduction in asparagine accumulation in the grain

whilst minimising the risk of negative phenotypic effects (Luo et al., 2019).
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6.2. Results

6.2.1. Genotyping the T1 plants via Next Generation nucleotide sequence

analysis

167 potentially edited T1 plants were analysed by NGS, comprising between 10 and 20 plants grown
from seed of each of the 14 selected TO lines, alongside 10 wildtype plants. Editing events were
detected in 107 plants (64 % of the non-control plants), deriving from 11 of the 14 TO plants. Of
these, 55 plants (33 % of the total plants; 51 % of the edited plants) were edited in all three genomes,
at least heterozygously, and these were derived from 9 of the 14 selected TO lines. Edits were not
detected in 37 plants (22 %) and the remaining 21 plants showed an insufficient read number to be
analysed.

6.2.1.1. Information on NGS for T1 generation

A total of 171,510 reads were generated in the T1 analysis for the 167 plants analysed, resulting in an
average of 969 reads per plant; however, the plants were not equally represented in the data. Fewer
than 200 mapped reads were seen in 56 plants, 31.6 % of the plants tested, with 23 showing fewer
than 100 reads and 8 showing fewer than 50 reads. The plants from the lineages R5P5, R9P1, R14P2
and R14P3 showed the lowest number of reads (Figure 6.1), with the lowest of all being R14P3 with
an average read number of 127 reads per plant. None of these lineages were taken forward to the T2
generation. Plant 71 (R5P6) showed only 17 reads mapping to it, with only one read mapping to the B
genome, seven reads mapping to the A genome and nine reads mapping to the D genome. The R6P2
lineage, from which Plant 99 was chosen to be advanced to the T2 generation, showed the highest
number of reads with an average of 2121 reads per plant. The individual plant with the highest
number of reads in the analysis was plant 80 (R6P1), which had 4771 reads mapping to it.
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Figure 6.1. The mean read number mapping to each of the TO plant lineages from the T1 NGS

analysis. The error bars represent the standard error.
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From this T1 NGS analysis, seven lines, 23, 30, 41, 59, 99, 126 and 178 were selected for further
analysis (Table 6.1). The distribution of reads between the genomes was uneven (Table 6.1). The B
genome was severely under-represented, accounting for 0.33 % of the reads in Plant 41, for example,
with only two reads being detected. Out of the chosen T1 lines, it was most represented in Plant 126,
where it accounted for 8.47 % of the reads. The A genome accounted for 46.82-64.70 % of the reads,
with the D genome accounting for 34.72-50.50 % of the reads.

Table 6.1. The chosen T1 plants, with their TO lineages, showing the total number of reads and the
representation of the separate genomes, where the number of reads from each plant mapping to the

different genomes is shown as a percentage of the plant’s total read number.

T1 TO Total % of total reads in a plant
Plant | Lineage | read no. A B D
23 R3P1 737 53.9 5.2 41.0
30 R3P5 1688 62.4 2.9 34.7
41 R5P3 609 64.7 0.3 35.0
59 R5P4 3253 46.8 34 49.7
99 R6P2 3475 50.8 6.6 42.7
178 R17P1 501 48.3 1.2 50.5
126 R10P1 1831 48.8 8.5 42.7

6.2.1.2. Chosen Plants from the T1 NGS analysis

From these nucleotide sequence data, T2 seed from the T1 plants were chosen to be taken forward,
forming the chosen plant lines (Table 6.2). Three putative ‘triple’ nulls were chosen: plant 23, plant
30 and plant 59. These plants showed editing in both alleles of all three genomes. The B genome
status of plant 99 (*WT in Table 6.2) was undetermined due to the low read number. Two A genome
nulls were chosen, plant 41 and plant 178, which showed editing in the A genome but no editing in
the B or D genome. A wildtype-like plant (126) was chosen (not shown in Table 6.2) as another
control, as this plant showed no editing events but had been subjected to the same transformation and

growth procedures as the edited plants.
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Table 6.2. Editing events in the TaASN2 alleles and homeoalleles of the T1 generation of selected
lines of wheat (Triticum aestivum) cv. Cadenza after editing with CRISPR/Cas9. The edits at the
four gRNA positions, gRNA1-4, are shown for every genotype. Insertion and deletion events are
represented by + and — signs, respectively, together with the number of additional or missing
nucleotides. WT = wildtype. G — T indicates a guanine to thymine substitution. ND = not
determined due to ambiguous data close to the end of the reads. * = provisional assignment based on

poor coverage in the NGS data.

) ) gRNA position
Line | Status | Genome Zygosity Allele
1 2 3 4
1 +1 +1
A Heterozygous
2 G—-T +1
Triple 1 +1
23 B Heterozygous
null 2 +1 +1
5 Het 1 +1 -18
eterozygous
2 -2
) A Homozygous | 1 & 2 +1 -1
Triple
30 0 B Homozygous | 1 & 2 +1 -1
nu
Homozygous | 1 & 2 -1
1 -11 +1 -2 ND
A Heterozygous
) 2 +1 -4 +1
Triple
59 1 G—-T ND
null B Heterozygous
2 +1
D Homozygous | 1 & 2 -4 -11 +1
A H 1 +1
eterozygous
Y9 2 -1 -2
Aand
99 B Homozygous | 1&2 WT*
D null
5 Het 1 +1
eterozygous
Y9 2 +1 -1
A A Homozygous | 1 & 2 -14 +1 ND
41 | genome B Homozygous | 1 & 2 WT
null D Homozygous | 1 & 2 WT
A A Homozygous | 1 & 2 +1
178 | genome B Homozygous | 1 & 2 WT
null D Homozygous | 1 & 2 WT
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Plant 23 showed different edits in all six alleles (edits shown in Table 6.2). The first A genome allele
showed the addition of a single base at both the gRNA3 and gRNA4 editing positions (cytosine and
thymine respectively), introducing a stop codon in between the two gRNA positions in the nucleotide
sequence. This allele encoded a truncated protein of only 81 amino acids, which was different to the
wildtype protein from the 59" residue. One of the B genome alleles showed the same editing pattern.
The second A genome allele showed a base change at the gRNA3 position, where a guanine had been
substituted for a thymine in the forward strand, changing the encoded amino acid residue from a
glycine to a valine. This amino acid is located outside the active site of the enzyme; however, glycine
is known to be particularly important in protein folding and the addition of the hydrophobic sidechain
of valine could also impact protein function (Betts and Russell, 2003). In any case, a single base
(thymine) was also added at the gRNA4 target site, leading to premature termination of the amino

acid sequence and the formation of a truncated protein of 97 residues.

The second B genome allele showed only the addition of a thymine at the gRNA4 position, resulting
in the codon encoding the 98" residue being changed to a stop codon, again resulting in the formation
of a truncated protein of 97 residues. The D genome also had two edited alleles, with one showing the
loss of two bases at the gRNA4 position, resulting in a stop codon for the 97" codon and a truncated
protein of 96 residues. The second allele showed the addition of an adenine at the gRNA3 position,
resulting in a frameshift and the introduction of a stop codon between the gRNA3 and gRNA4
positions. There was a further loss of eighteen bases at the gRNA4 position. This resulted in a
truncated predicted protein of 81 residues, with the first 59 amino acids remaining unchanged from

the wildtype protein, followed by 22 changed residues.

Plant 30 was homozygous in each genome, with the A and B genome alleles showing the same edits.
These comprised the addition of an adenine at the gRNA3 position, resulting in the disruption of the
encoded protein from residue 59 onwards and a stop codon being introduced, producing a predicted
protein of only 81 residues. There was an additional deletion of one base at the gRNA4 position,
which would have returned the sequence back into frame if not for the presence of the stop codon.
The D genome alleles showed the singular edit of the loss of a single base at the gRNA4 target
position, causing a frameshift in the sequence, with translation ending at the next predicted in-frame

stop codon at codon 161.

For Plant 59, both A genome alleles were shifted out of frame following the first gRNA target site,
with the deletion of eleven bases in the first allele leading to a change in the predicted encoded amino
acid sequence from the 11" residue. A single adenine was added at position gRNAZ2, leading to an
overall loss of 10 bases. The sequence returned to the original reading frame at gRNAS3, due to the
addition of another adenine, resulting in the overall loss of three residues in the predicted amino acid

sequence; however, a further two bases were deleted at gRNA4 and this resulted in a truncated
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predicted protein of 93 residues. The second A genome allele showed the addition of a single
thymine leading to the disruption of the encoded amino acid sequence from the 14" residue. The
sequence reverted to the original reading frame with the deletion of four bases at the gRNA2 position,
resulting in the loss of a single amino acid overall; however, the addition of an adenine at the gRNA3
position resulted in a frameshift and the introduction of a stop codon at the 81 codon.

The B genome possessed two alleles. In the first, a guanine had been substituted for a thymine and
this resulted in a change from glycine to valine in the predicted amino acid sequence. The deletion of
two bases at gRNA4 led to the introduction of a stop codon shortly afterwards (97" codon). The
second allele possessed an additional adenine at the gRNA3 position, leading to disruption of the
amino acid sequence and the introduction of a stop codon at codon 82. Only one D genome allele was
present in the sequence data, suggesting that plant 59 was homozygous for this allele. The deletion of
four bases at gRNA1 resulted in a frame shift in the nucleotide sequences, with the deletion of a
further eleven bases at gRNA2 returning the sequence back to its original frame. The addition of a
thymine at gRNA3 resulted in the introduction of a stop codon and, therefore, the production of a
truncated predicted protein of only 76 residues.

Plant 99 showed two different edited alleles in the A and D genomes. In the first A genome allele, the
addition of an adenine at the gRNA4 position led to the introduction of a stop codon at the 98" codon.
This edit was also seen in the D genome, with the addition of an adenine at the gRNA4 position. The
second A allele showed a single base (guanine) deleted at the gRNA3 position, leading to a
frameshift; however, the deletion of two bases at gRNA4 returned the sequence to frame, resulting in
a single amino acid lost overall and 37 residues changed in the predicted amino acid sequence,
including known components of the glutamine binding domain (Gaufichon et al., 2010; Xu et al.,
2018). The second D genome allele showed a thymine added at gRNAS3, resulting in the addition of a
stop codon at the 82" codon, with an additional single base deleted at gRNA4. The B genome alleles
were tentatively assigned to wildtype, although the NGS coverage of those alleles was poor.

Plant 41, one of the A genome null plants, showed wildtype sequences for the B and D genomes,
although only two B genome reads were detected. Only one A genome allele was identifiable in the
4541 reads, indicating that plant 41 was homozygous for this edit. Fourteen bases were deleted at the
gRNAL editing position, leading to a frameshift and a change in the predicted amino acid sequence.
Further edits were identified, with the addition of a thymine at gRNA3 and the loss of three bases at
gRNAA4; however, these edits did not return the sequence to the original reading frame. Plant 178, the
second chosen A genome null plant, also showed wildtype sequences for the B and D genomes. Like
plant 41, only one A genome allele was identifiable in the 5492 reads. This allele showed a single
base introduction (an adenine) at gRNAS3, leading to a stop codon at codon 82, resulting in a truncated

protein of 81 residues that differed from the wildtype protein from the 59" residue. Plant 126 showed
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no editing events in the target region and was taken forward as an additional control to the wildtype
plants.

6.2.2. Genotyping the T2 plants via Next Generation nucleotide sequence

analysis

6.2.2.1. Information on the T2 NGS analysis

A total of 5,744,714 reads were generated in the analysis, with an average value of 82,067.3 reads
corresponding to each plant (Figure 6.2). A total of 1,833,600 reads were mapped to the A genome
and 2,811,563 to the B genome, whilst only 1,099,551 mapped to the D genome. The number of reads
per plant was a lot higher than in the T1 analysis; however, fewer plants were analysed (70 compared
to 167) and the samples were not multiplexed in with other external samples.
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Figure 6.2. The number of NGS reads in the T2 analysis for each plant line mapping to the plant as a
whole (top), and to the individual genomes in a plant (bottom). The bars represent the average

mapped read number per line and the error bars represent the standard error.

- 155 -



Line 41 showed the highest number of mapped reads, with an average of 129,667.8 reads
corresponding to each plant. The plant with the most reads in the analysis, Plant 82 (Line 41), showed
153,648 reads. The plant with the lowest number of reads was Plant 63 (Line 99), which showed only
2,426 reads: less than 2 % of the number of reads seen in Plant 82. The Line with the lowest number
of reads was Line 178, with an average of 62,287 reads per plant. The difference in the mapped read
numbers of individual plant samples may be due to a difference in the quality of the sample DNA.
Line 41 shows a higher number of reads mapping than the other plant lines and this could be due to
the large deletions present in this line resulting in shorter amplicons, which may amplify more
efficiently.

6.2.2.2. NGS analysis of the T2 lines

The editing events observed in the T2 generation of lines 23, 30, 41, 59, 99 and 178 are summarised
in Table 6.3, while the length in amino acids and molecular weights of the encoded proteins are given
in Table 6.4.

Table 6.3. Editing events in the TaASN2 alleles and homeoalleles of the T2 generation of selected
lines of wheat (Triticum aestivum) cv. Cadenza after editing with CRISPR/Cas9. The edits at the four
gRNA positions, gRNA1-4, are shown for every genotype. Insertion and deletion events are
represented by + and — signs, respectively, together with the number of additional or missing

nucleotides. WT = wildtype. G — T indicates a guanine to thymine substitution.

) ) gRNA position
Line | Status | Genome Zygosity Allele
1 2 3 4
1 +1 +1
A Heterozygous
2 G-T +1
Triple 1 -173
23 B Heterozygous
mutant 2 +1
5 H 1 +1
eterozygous
2 WT
) A Homozygous | 1 & 2 +1 -1
Triple
30 B Homozygous | 1 & 2 -3
mutant
Homozygous | 1 & 2 -1
1 -14 +1
Triple
41 A Heterozygous 2 -14 -27 +1
mutant
3 -14 -35 +1
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4 -14 -59
1 -75 -7
B Heterozygous 5 ) 1
1 -74 +1
D Heterozygous 5 &0
1 -11 +1 -2
Triple A Heterozygous 5 1 2 1
> mutant B Homozygous | 1 & 2 G->T -1
D Homozygous | 1& 2 -4 -11 +1
1 +1
A Heterozygous 5 1
99 AD B Homozygous 1 WT
null . |
D Heterozygous 5 1 1
A A Homozygous | 1 & 2 +1
178 | genome B Homozygous | 1 &2 WT
null D Homozygous | 1 & 2 WT

Table 6.4. The lengths and molecular weights of the predicted amino acid sequences from the

nucleotide sequence analysis of the edited plants. Only edited alleles are shown for the plant lines.

) ) Length of predicted Predicted molecular
Line | Genome Zygosity Allele ) ) ]
amino acid sequence weight (kDA)
N/A 1&2 581 65.200
WT B N/A 1&2 581 64.982
N/A 1&2 581 65.058
1 81 9.015
A Heterozygous
2 97 10.972
1 39 4.346
23 B Heterozygous
2 160 17.737
1 81 9.162
D Heterozygous
2 WT
Homozygous | 1&2 81 9.073
30 B Homozygous | 1&2 580 64.899
Homozygous | 1&2 160 17.892
1 156 16.515
41 A Heterozygous
2 145 15.332
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3 557 62.086
1 133 14.128
B Heterozygous
2 81 8.949
1 49 5.092
D Heterozygous
2 561 63.083
1 577 64.064
A Heterozygous
- 2 80 8.611
B Homozygous | 1&2 160 17.780
Homozygous | 1&2 76 7.960
1 160 17.388
A Heterozygous
2 97 10.930
99 B Homozygous 1 WT
1 81 9.132
D Heterozygous
2 97 10.946
Homozygous | 1&2 82 9.073
178 B Homozygous | 1&2 WT
Homozygous | 1&2 WT

6.2.2.2.1. Line 126 (WT-like)

In Line 126, ten plants were analysed. The total reads mapping to each plant ranged from 35127 to
93857, with 17.1 - 19.1 % of total reads mapping to the D genome, 33.4 - 39.9 % to the A genome
and 41.0 - 48.1 % to the B genome. All plants were wildtype in the A (95.2-99.1 % of A genome
reads), B (94.1-99.4 % of B genome reads) and D (97.7-99.8 % of D genome reads) genomes. The
reads not mapping to the wildtype alleles represented 0.9 - 4.8 % of A genome reads, 0.6 - 5.9 % of B
genome reads and 0.2 - 2.3 % of D genome reads. They did not map to any consensus and showed no
pattern, with a high number of unexpected SNPs (whereby the SNP does not occur in an expected site

and is present in only one of a few reads), or errors, present.

6.2.2.2.2. Line 23

In Line 23, ten plants were analysed (humbered 8, 12, 18, 33, 39, 45, 55, 60, 75 and 77). A huge range
in the total number of mapped reads per plant was seen, from 6,650 for plant 39 to 110,098 for plant
60. The D genome showed the lowest number of mapped reads, with only 4.5 - 20.7 % of the total
reads from a single plant mapping to the D genome. Interestingly, despite not being well-represented
in the T1 generation NGS results, the B genome generally had the highest number of reads mapped to
it, with 49.8 - 67.9 % of the total reads per plant compared with 20.7 - 38.0 % of the reads for the A
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genome; although plant 12 showed 50.3 % of the reads mapping to the A genome, 44.8 % mapping to
the B and 4.9 % (only 766 reads) mapping to the D genome.

Two distinct alleles were present in the A genome (edits shown in Table 6.3). The first A genome
allele showed the addition of a single base at both the gRNA3 and gRNAA4 positions (cytosine and
thymine, respectively). This edit leads to the introduction of a stop codon in between the two gRNAs,
leading to a truncated predicted protein of 80 amino acid residues (predicted proteins shown in Table
6.4), with a disruption of the amino acid sequence from the 59" residue. The second A genome allele
showed a single thymine added at the gRNA4 editing site and the conversion of a glutamine to a
thymine at position gRNA3. This edit resulted in the introduction of a stop codon after the gRNA4
position and a truncated predicted protein of 97 amino acid residues. Only two plants were
homozygous for allele 1, plant 12 (97.6 % of A genome reads) and plant 60 (91.5 % of A genome
reads), with the rest being heterozygous. Both of these alleles were seen in the previous generation.

Two edited alleles were also present in the B genome. The first allele showed a deletion of 173 bases
between the gRNA2 and gRNAA4 positions, and the second the deletion of a single base (cytosine) at
gRNAA4. The edit in the first allele would result in the loss of 57 amino acids in the predicted protein
sequence, including key residues in the glutamine binding domain, and would result in a frameshift
and the introduction of a stop codon resulting in a truncated predicted protein of only 39 residues. The
second allele also showed a frameshift, disrupting the amino acid sequence in the encoded protein and
leading to a truncated predicted protein of 160 amino acid residues. Again, plants 12 and 60 were the
only two plants that were homozygous for allele 1 (88.3 % and 97.0 % of the B genome reads,
respectively). The rest of the plants were heterozygous for both edited alleles, although 42.2 - 78.6 %
of the reads mapped to allele 1 and only 17.9 - 55.5 % to allele 2. This may be a product of the size
difference between the alleles as the amplicon from allele 1 is 173 bases shorter than that of allele 2
and thus could possibly amplify more efficiently. Neither of these edits were seen in the previous
generation; however, only 45 reads mapped to the B genome in the T1 analysis, with only 737 reads
mapping to plant 23 in total. Therefore, it is possible that the edits identified in the T2 generation were

missed in the T1 analysis.

A single, novel, edited D genome allele was also present, along with wildtype reads. The edited allele
had an additional adenine at the gRNA3 position, leading to an in-frame stop codon and an encoded
protein of only 80 amino acids. Three plants (plant 8, 12 and 55) appeared to be homozygous for the
wildtype allele, although plants 8 and 55 showed only 58.9 and 52.4 % of reads mapping, while plant
12 only showed a total of 766 reads mapping to the D genome (644 of which were wildtype). Plants
33 (92.9 % of D genome reads), 45 (89.8 %), 60 (89.6 %) and 75 (91.8 %) appeared homozygous for
the edited allele. Plant 77 also only showed the edited allele; however, only 69.3 % of D genome

reads mapped to it. Plants 18 and 39 showed a mix of wildtype and edited reads. Plant 18 only showed
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15.0 % of D genome reads mapping to the wildtype allele, with 68.9 % of them mapping to the edited
allele. Plant 39 showed 23.9 % of D genome reads as wildtype and 57.5 % reads as edited, although a
total of only 923 reads were mapped to the D genome. The previous generation showed two edited
alleles, neither of which were seen in the T2 analysis, although, again, this may be explained by the
low mapped read number in the T1 analysis.

6.2.2.2.3. Line 30

In Line 30, there were ten plants tested (5, 11, 17, 27, 44, 48, 56, 73, 81 and 88). The plants showed a
total mapped read number between 53,027 and 117,361. All 10 plants were homozygously edited in
the A, B and D genomes, confirming the T1 plant 30 as a triple mutant. In the T2 plants, 96.6 - 98.6 %
of the A genome reads, 89.9 - 97.5 % of the B genome reads and 89.2 - 99 % of the D genome reads
mapped to the edited allele. Again, the D genome showed the lowest number of mapped reads, with
only 8.1 - 18.7 % of the total reads from a single plant mapping to the D genome. The B genome had
the highest number of reads mapped to it, with 45.7 - 56.0 % of the total reads mapping to it, with the
A genome having 33.4 - 40.6 % of the reads.

The A genome showed the addition of a single base (adenine) at position gRNA3 and the deletion of a
single base (cytosine) at the gRNA4 position. Although these edits do not change the total number of
bases, they do result in a section of the first exon being 'out-of-frame' and the introduction of an in-

frame stop codon (82" codon).

The B genome allele showed the deletion of 3 bases at position gRNA2. Although this is an edit, it
will not result in a frameshift, instead resulting in the deletion of a leucine in the translated sequence.
As this particular residue has not been implicated as being important in protein function, it is

unknown as to whether this edit would affect the activity of the encoded enzyme.

The D genome showed the deletion of a single base (cytosine) at the gRNA4 position. The predicted
effect of this edit is a frame shift in the sequence, leading to stop codons being introduced after 161

codons and a completely different amino acid sequence being encoded after the 95 codon.

The A and D genome edits were consistent with what was seen in the T1 plants; however, the B
genome allele was not detected in the previous generation. The B genome allele present in the T1
generation showed an identical editing pattern to that seen in the A genome, as opposed to the
deletion of 3 bases at gRNA2, which was detected in this analysis. It is possible that the edited allele
identified in the T2 analysis was missed due to the low read number of B genome reads in the T1
analysis (only 1688 reads in total, in which the B genome was substantially under-represented). The
appearance of this and other edits in the T2 generation that were not seen in the T1 generation could

also be evidence of continued Cas9 activity.

- 160 -



6.2.2.2.4. Line 41

In Line 41, ten plants were analysed (10, 15, 21, 29, 38, 43, 46, 61, 69 and 82). A total mapped read
number of 90,958-153,648 was recorded per plant. The highest number of reads generally mapped to
the B genome (37.6 - 62.2 % of total reads), with the exception of plant 29, where the D genome
showed 41.7 % of the total mapped reads (27.8 % A and 30.5 % B genome).

One main allele was recorded in the A genome: the deletion of 14 bases at position gRNAL and the
addition of a single thymine at gRNA3, leading to disruption of the amino acid sequence in the
predicted protein from the 14" residue. Seven of the plants were homozygous for this allele: plants 15
(94.1 % of the A genome reads for this plant mapped to this allele), 21 (93.5 %), 29 (95 %), 43 (99.9
%), 46 (96.5 %), 61 (96.6 %) and 69 (95.2 %). Plant 10 showed a second allele, with a deletion of 14
bases at position gRNAL, followed by the deletion of 27 bases at gRNA2 and the addition of a single
thymine at gRNA3. However, this was only present in 16.1 % of the mapped A genome reads. Plant
82 also showed another allele, accounting for 63.9 % of the mapped A genome reads, where the
deletion of fourteen bases at position gRNAL was followed by the deletion of 35 bases at gRNA2 and
the addition of a single thymine at gRNA3. This edit also leads to the disruption of the amino acid
sequence in the predicted protein from the 14" residue. Plant 38 showed the same deletion of fourteen
bases at position gRNAL followed by a second deletion of 59 bases between the gRNA2 and gRNA3
positions, which was present in 58.4 % of the reads. This edit resulted in the same disruption from the
14" residue in the predicted protein sequence, with the amino acid sequence returning to the wildtype
sequence after the 35" residue, with the total loss of 24 residues, including those important in the

glutamine binding domain. All these alleles could be construed as evidence for continued editing.

Plant 41 was previously thought to be an A genome null only, with wildtype reads identified for the B
and D genomes. Only one A genome allele was identifiable in the 4541 Next Generation reads in the
T1 analysis, indicating that plant 41 was homozygous for this edit, which showed fourteen bases
deleted at gRNAL, the addition of a thymine at gRNA3 and the loss of three bases at gRNA4. The loss
of the three bases at gRNA4 was not seen in the T1 analysis, but the loss of fourteen bases at gRNA1
and the addition of a single base at gRNA3 was as seen in the T1 analysis. The presence of these four
different A genome alleles is strong evidence of continued editing beyond the TO generation.
Furthermore, while the 14 base pair deletion at gRNA1 was present in the single A genome allele seen
in the T1 generation, the longer deletions at gRNA2 were not, suggesting that these deletions were
later edits added to the allele seen in the T1 generation. In addition, Line 41 was originally shown to
be an A genome null, but by the T2 generation two edited alleles had appeared in each of the B and D

genomes.

The B genome alleles showed no editing in the T1 analysis; however, the wildtype status of the B

genome was not completely confirmed in the T1 analysis due to a low read number (609 mapped
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reads total). Despite this, it was a surprise that two edited B genome alleles were identified in the T2
analysis: 1) showed a deletion of 75 bases between positions gRNA1 and gRNA2, followed by the
deletion of 7 bases at gRNA3; and 2) showed the addition of a single base at gRNA1 (thymine)
followed by the deletion of a single base (cytosine) at gRNA4. The first allele leads to a frameshift
and the disruption of the amino acid sequence from the 14" residue. The second allele leads to the
introduction of a stop codon and the truncation of the predicted amino acid after the 81 residue.
Three plants were homozygous for allele 1: plants 10 (98.1 % of B genome reads mapped to the
edited allele), 43 (97.8 %) and 61 (98.0 %). Two plants were homozygous for allele 2: plants 29 (94.8
% of B genome reads mapped to the edited allele) and 69 (97.5 %). The remaining plants were
heterozygous for both edited alleles, although allele 1 was present in a lot more of the reads (77.6-
82.5 % of B genome reads mapping to allele 1 compared with 16.2-21.9 % for allele 2). This could

also be a product of the difference in amplicon length, as discussed in Line 23.

Two edited alleles were also identified in the D genome: 1) the deletion of 74 bases between positions
gRNA1 and gRNAZ2, followed by the addition of a cytosine at gRNA3; and 2) the deletion of 60 bases
between positions gRNA2 and gRNAS3. The edits in the first allele result in the disruption of the
amino acid sequence in the predicted protein from the 15™ residue onwards and then the introduction
of a stop codon, resulting in the amino acid sequence being truncated to just 49 residues. The deletion
in the second allele results in the loss of 20 residues from the predicted protein sequence, including
those comprising the glutamine binding domain. Four plants were homozygous for allele 1: plants 38
(94.6 % of D genome reads mapped to the edited allele), 43 (97.2 %), 46 (97.2 %) and 61 (98.7 %).
Three plants were homozygous for allele 2: plants 10 (98.3 % of D genome reads mapped to the
edited allele), 21 (99.5 %) and 29 (99.9 %). Three plants were heterozygous with both edited alleles:
plants 15, 69 and 82, although all plants showed a higher number of reads mapping to allele 2 (58.8-
66.5 % of D genome reads mapping to allele 2 compared with 31.1-39.0 % for allele 1).

6.2.2.2.5. Line 59

In Line 59, eleven plants were analysed (2, 6, 16, 26, 37, 54, 59, 67, 80, 84 and 89) and a total
mapped read number of 66,885 to 95,531 was recorded for each plant. The highest number of reads
mapped to the B genome (40.2 - 52.1 % of total mapped reads) and the lowest number mapped to the
D genome (21.0 - 24.8 % of the total reads).

Two edited alleles were present in the A genome: 1) a deletion of 11 bases at gRNAL, followed by
the addition of a single adenine at gRNAZ2, and the deletion of two bases at gRNA3; and 2) the
addition of a thymine at gRNAL, the deletion of four bases at gRNA2 and the addition of an adenine
at gRNA3. The first allele leads to a disruption in the amino acid sequence in the encoded protein
from the 11" residue until the 56™ residue, with the loss of four residues in total. The second allele

leads to a disruption in the amino acid sequence in the predicted protein from the 14" residue until the
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38" residue, with the loss of a single residue, and then again from the 58" residue until the
introduction of a stop codon, resulting in a truncated predicted protein of 80 residues. Homozygous
plants were only seen for allele 1; specifically, plants 16 (94.4 % of the A genome reads mapped to
the edited allele), 26 (99.2 %) and 37 (97.6 %). The remaining plants were heterozygous, carrying
both edited alleles (46.1 - 57.6 % for allele 1 and 41.5 - 47.8 % for allele 2).

The plants were all homozygous for a single edited allele in the B genome, with 94.4 - 99.6 % of the
B genome reads mapping to this allele. A guanine was substituted with a thymine in the forward
strand at position gRNA3 and a single base (cytosine) was deleted at the gRNA4 position. The latter
leads to a frameshift and a change in the predicted amino acid sequence from the 96" residue
onwards. Two alleles had been identified in the T1 generation and the edited allele present in the T2
generation did not match either of these exactly; however, it was very similar to the T1 allele 1, with a
difference only in the number of bases deleted at the gRNA4 position. Due to the placement of the
reverse primer used in the target site amplification being so close to the gRNA4 targeting site, it is
possible that edits at the gRNA4 position were missed or incorrectly represented.

Plants were homozygous in the D genome for an edited allele with a deletion of four bases at gRNA1
and 11 bases at gRNAZ2, followed by the addition of a single thymine at position gRNA3 and the
deletion of a cytosine at gRNA4, with 96.9 - 99.8 % of D genome reads mapping to this allele. This
edit led to a disruption in the predicted protein sequence from the 13" residue onwards and the
production of a truncated predicted protein of 76 residues. This matched the edited allele seen in the

T1 generation, which was believed to be homozygous.
6.2.2.2.6. Line 99

In Line 99, nine plants were analysed (20, 24, 28, 50, 52, 58, 63, 68 and 72). The majority of the
plants showed a total mapped read number of around 70,000 to 80,000 reads, with the exception of
plant 50, which showed a total read number of 48,627, and plant 63, which showed only 2,426
mapped reads. Again, the D genome showed the lowest number of mapped reads, with only 17.9 -
22.7 % of the total reads from a single plant mapping to the D genome. The B genome had the highest
number of reads mapped to it, with 45.6 - 51.3 % of the total reads, with the A genome having 26.8 -
35.4 % of the reads.

There were two different edited alleles present in the A genome: 1) the loss of a single base at gRNA3
(guanine), and three changed bases (CGG to GCA) at the gRNA4 editing position; and 2) the addition
of an adenine at gRNA4. The edit in allele one leads to a frameshift and a disruption in the amino acid
sequence from the 59" residue onwards. The edit in allele 2 leads to the introduction of a stop codon
and a truncated predicted protein sequence of 97 residues. Only two plants were heterozygous for

both edited alleles. Plant 20 showed 36.4 % of the mapped A genome reads corresponding to allele 1
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and 62.0 % of reads mapping to allele 2. Plant 52 showed 42.2 % of reads corresponding to allele 1
and 57.4 % of reads mapping to allele 2. Plants 28, 50 and 58 were all homozygous for allele 1, with
92.2, 89.9 and 92.4 % of A genome reads mapping to that allele. Plants 68 and 72 were homozygous
for allele 2, with 93.0 and 94.6 %, respectively, of their A genome reads mapping to allele 2. Plant 63
was also considered to be homozygous for allele 2; however, only 54.5 % of the A genome reads
mapped to this allele. The first allele could not be detected and 8.1 % of the reads mapped to a
different, potentially new, allele. These reads showed the addition of a cytosine at position gRNA3,
and the addition of a thymine at position gRNA4. This could be an error due to primer position or
could reflect continued editing and somatic mutations present in the plant. Plant 24 appeared to be
heterozygous for allele 1 (38.3 % of mapped A genome reads) and wildtype (60.0 %), despite the fact
that the wildtype allele was not seen in the A genome of any of the other Line 99 plants. This wildtype
allele was not present in the T1 generation either. Due to the position of the reverse primer, which is
very close to the gRNA4 position (shown in Figure 5), it is difficult to determine whether the deletion
of the two bases seen in the T1 exists in the T2 generation but was not detected, or the edit did not

originally exist, was somatic in origin or had segregated away.

All the T2 plants were wildtype in the B genome (91.5 - 98.8 % of B genome reads mapped to the
wildtype sequence). In the D genome, there were two different edited alleles present: 1) the addition
of a single base at gRNA3 (thymine) and the loss of a base (cytosine) at gRNA4; and 2) the addition
of a single base (adenine) at gRNA4. Both these edits were present in the T1 generation. The edit in
allele 1 leads to the introduction of a stop codon, and results in a truncated predicted protein of 81
residues. Allele 2 leads to the introduction of a stop codon and a predicted protein of 97 residues.
Only two plants were heterozygous with both alleles. Plant 24 showed 53.6 % of the D genome reads
corresponding to allele 1 and 44.3 % of reads mapping to the second allele. Plant 72 showed 51.6 %
of reads corresponding to allele 1 and 46.5 % of reads mapping to the second allele. Plants 50, 58 and
68 were all homozygous for allele 1, with 95.8, 96.6 and 94.9 % of D genome reads mapping to the
allele, respectively. Plants 28 and 52 were homozygous for allele 2, with 93.4 and 92.8 %,
respectively, of reads mapping to allele 2. Plant 63 was also considered to be homozygous for allele 2,
as this was the only detectable allele present; however only 37.6 % of the D genome reads mapped to
this allele, with the rest of the reads not mapping to any consensus. Again, one of the Line 99 plants
appeared to be heterozygous for allele 1 (52 % of mapped D genome reads) and wildtype (46.5 %),
despite the fact that the wildtype allele was not seen in any of the other plants. This wildtype allele is

not present in the T1 generation either, with both T2 editing alleles present in the T1 generation.

6.2.2.2.7. Line 178

In Line 178 there were 10 plants tested (3, 13, 23, 35, 42, 51, 64, 66, 76 and 86). Overall, the D

genome showed the lowest number of mapped reads, with only 16.6 - 21.4 % of the total reads from a
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single plant mapping to the D genome. The B genome had the highest number of reads mapped to it,
with 38.3 - 50.6 % of the total reads mapping to it, with the A genome having 29.5 - 42.9 % of the
total reads. All 10 plants were wildtype (homozygous) in the B (93.0 - 99.2 % of the reads were

wildtype) and D (93.9 - 99.6 % of reads were wildtype) genome.

In the A genome, only one edited allele was observed, with the addition of a single base (adenine on
the forward strand) at gRNA3, in 93.9 - 98.9 % of mapped A genome reads. This edit leads to a

frameshift in the sequence and the introduction of a stop codon (82" codon), which would result in a

truncated protein being produced. This edit is consistent with the results seen in the T1 generation,

although the wildtype status of the B genome was unconfirmed in the T1 data due to the low read

number
20 1F

WT TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L23 Al TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L23 A2 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L23 Bl TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L23 B2 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L23 D1 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L41 A3 TGCTGGGGTGCGGCGAC

L41 A4 TGCTGGGGTGCGGCGAC

L41 A5 TGCTGGGGTGCGGCGAC

L41 A6 TGCTGGGGTGCGGCGAC

L41 B3 TGCTGGGGTGCGGCGACGAG-T]

L41 B4 TGCTGGGGTGCGGCGACGAGHTCGCAGGGGAAGAGGGTCCA
L41 D2 TGCTGGGGTGCGGCGACGAG-

L41 D3 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L59 A7 TGCTGGGGTGC - AGGGGAAGAGGGTCCA. . .
L59 A8 -rsc'rssss'rscsscencsn%cecmsssmmesmcm. 4
L59 B5 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L59 D4 TGCTGGGGTGCGGCGACHE-MCGCAGGGGAAGAGGGTCCA. . .
L99 A9 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L99 Al0 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L99 D5 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L99 D6 TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .
L178 All TGCTGGGGTGCGGCGACGAG-TCGCAGGGGAAGAGGGTCCA. . .

157 3R

WT ATCATCGACCCGGCCTCCG-GCGACCAGCCGCTCTACAACG. . .
L23 Al ATCATCGACCCGGCCTCCGEGCGACCAGCCGCTCTACAACG. . .
L23 A2 ATCATCGACCCGGCCTCCG-BCGACCAGCCGCTCTACAACG. . .
L23 Bl

L23 B2 ATCATCGACCCGGCCTCCG-GCGACCAGCCGCTCTACAACG. . .
L23 D1 ATCATCGACCCGGCCTCCGEGCGACCAGCCGCTCTACAACG. . .
L41 A3 ATCATCGACCCGGCCTCC GACCAGCCGCTCTACAACG. . .
L41 A4 ATCATCGACCCGGCCTCC GACCAGCCGCTCTACAACG. . .
L41 A5 ATCATCGACCCGGCCTCC GACCAGCCGCTCTACAACG. . .
L41 A6 GGCCTCC GACCAGCCGCTCTACAACG. . .
L41 B3 ATCATCGACCCGGCCTC GCCGCTCTACAACG. .
L41 B4 ATCATCGACCCGGCCTCCG-GCGACCAGCCGCTCTACAACG. . .
L41 D2 ATCATCGACCCGGCCTCC GACCAGCCGCTCTACAACG. . .
L41 D3 -GCGACCAGCCGCTCTACAACG. . .
L59 A7 ATcmcsAcccssccrcczr-éeaccmccscrcmcmcs. -
L59 A8 ATCATCGACCCGGCCTCCGRGCGACCAGCCGCTCTACAACG. . .
L59 B5 ATCATCGACCCGGCCTCCG-BCGACCAGCCGCTCTACAACG. . .
L59 D4 ATCATCGACCCGGCCTCC GACCAGCCGCTCTACAACG. . .
L99 A9 ATCATCGACCCGGCCTCCG-[CGACCAGCCGCTCTACAACG. . .
L99 A10 ATCATCGACCCGGCCTCCG-GCGACCAGCCGCTCTACAACG. . .
L99 D5 ATCATCGACCCGGCCTCCGHGCGACCAGCCGCTCTACAACG. . .
L99 D6 ATCATCGACCCGGCCTCCG-GCGACCAGCCGCTCTACAACG. . .
L178 All ATCATCGACCCGGCCTCCGRGCGACCAGCCGCTCTACAACG. . .

. .GCCCGGACTGGAGCGGCCTH
. .GCCCGGACTGGAGH

. .GCCCGGACTGGAGCGGCCTGC.
. .GCCCGGACTGGAGCGGCE

. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. - .
. .GCCCGGACTGGAGCGG it - BT C GCCGACAACTACCTCTGCCACCAGCGC . . .

266
. . CCGGACACAGGTTCCGGAC-CGGCAGTGACTGCGAGGTCAT. . ... .
.o CCGGACACAGGTTCCGGACECGGCA
. .CCGGACACAGGTTCCGGAC]CGGCAGTGACTGCGAGGTCAT. . . . . .

95 2F

. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

. .GCCCGGACTGGAGCGGCCTGCA~-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA~-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

CCACCAGCGC.

CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC.
GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC .
A-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
.o GCCCGGACTGGAGCGGCCTGCH-

ACCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
~CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

. .GCCCGGACTGGAGCGGCCTGCA~CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA~-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .
. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

. .GCCCGGACTGGAGCGGCCTGCA-CCAGGTCGCCGACAACTACCTCTGCCACCAGCGC. . .

4R

CTGCGAGGTCAT......

. .CCGGCCACAGCTTCCGGAC —IGGCAGTGAC TGCGAGGTCAT. .....
. CCGGCEACAGGTTCCGGAC -CGGCAGTGACTGCGAGGTCAT. .. ...

. . CCGGACACAGGTTCCGGAC-CR\GCAGTGACTGCGAGGTCAT. . . . . .
. CCGGACACAGGTTCCGGAC-CRGCAGTGACTGCGAGGTCAT ......
.o CCGGACACAGGTTCCGGAC-CRGCAGTGACTGCGAGGTCAT ......
.o CCGGACACAGGTTCCGGAC—CHGCAGTGACTGCGAGGTCAT ......
.o CCGGCCACAGCTTCCGGAC—CRGCAGTGACTGCGAGGTCAT ......
. .CCGGCCACAGCTTCCGGAC-|
. . CCGGCCACAGGTTCCGGAC-
. . CCGGCCACAGGTTCCGGAC-CRIGCAGTGACTGCGAGGTCAT. . . . . .

CAGTGACTGCGAGGTCAT. . ....
JCAGTGACTGCGAGGTCAT. .. ...

. .CCGGACACAGGTTCCGGAC-E&#ICAGTGACTGCGAGGTCAT. . . ...
. .CCGGACACAGGTTCCGGAC-E#ICAGTGACTGCGAGGTCAT. . . . . .
. .CCGGCCACAGCTTCCGGAC- CAGTGACTGCGAGGTCAT......
. .CCGGCCACAGGTTCCGGAC-| CAGTGACTGCGAGGTCAT. . ....
. .CCGGACACAGGTTCCGGAC -l \CAGTGACTGCGAGGTCAT. . . .. .

. .CCGGACACAGGTTCCGGACLICGGCAGTGACTGCGAGGTCAT. . . .. .
.o CCGGCCACAGGTTCCGGAC;EGGCAGTGACTGCGAGGTCAT ......
. .CCGGCCACAGGTTCCGGACH

GGCAGTGACTGCGAGGTCAT......

. .CCGGACACAGGTTCCGGAC -HGGCAGTGACTGCGAGGTCAT ......

Figure 6.3. Nucleotide sequences showing the edited TaASN2 alleles present in the T2 generation of

wheat (Triticum aestivum) cv. Cadenza plants after editing with CRISPR/Cas9. Line 30 is not shown.

The A genome wildtype sequence is shown at the top, with the gRNA binding sites in red. Edits are
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highlighted in black. SNPs present in the wildtype sequences of the genes from genomes B and D are
not highlighted. The different alleles are numbered, Al to A11, B1 to B5 and D1 to D6.

6.3. Discussion

6.3.1. Comparison of the T1 and T2 analyses

There was a remarkable difference seen between the NGS analysis of the T1 and T2 generations.
Firstly, there was a large difference in the read number of the two analyses, with the T1 analysis
generating 171,510 reads in total, and the T2 analysis generating a total of 5,744,714 reads. The
average read number per plant was 969 in the T1 generation compared with 82,067.3 for the T2
plants, which is nearly a 100-fold increase in coverage. The T1 analysis also showed a skewed
distribution in read number, with a lot of plants showing a very low number of reads, whereas the T2
analysis showed the expected normal distribution in read number per plant (Figure 6.3).
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Figure 6.4. Histograms showing the number of reads mapping to each plant in the T1 (top) and T2
(bottom) Next Generation Sequencing nucleotide sequence analyses, highlighting the difference in

sequence coverage between the analyses.

In the T1 analysis, the B genome was under-represented, with only two B genome reads present in
Plant 41, for example, and only 0.3 - 8.47 % of the total reads in the chosen T1 plants mapping to the
B genome. The A genome was generally the most highly represented genome in the analysis, with the
D genome only being the most highly represented in two of the seven chosen lines. This was not the
same in the T2 analysis, where the B genome was the most highly represented genome, accounting for
30.5 - 68.0 % of the reads per plant, with the A genome making up 19.0 - 50.3 % of the reads and the
D genome 4.5 - 41.7 % of the reads. The same primers were used in both analyses, with the Next
Generation sequencing being performed at the Genomics Facility at the University of Bristol.
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6.3.2. Evidence for continued editing beyond the TO generation

Only one edited line showed the same edits in the T2 and T1 generations. This was Line 178, which
retained its initial status as an A genome null. A possible explanation for some of the differences in
edits seen between the T1 and T2 generations is the difference in the read number per plant in the
analyses. The increased number of reads per plant, therefore the greater coverage in the sequencing
data, in the T2 analysis allowed for greater determination of the edits present. The low number of
reads per plant in the T1 generation may have masked or misrepresented the edits present, particularly

in the B genome.

Many more errors or unexpected SNPs (i.e. SNPs outside the editing sites and only identified in one

or a few reads) were present in the T1 analysis, perhaps because of the lower read number per plant,

making it harder to distinguish the exact number of reads mapping to each genome. Furthermore, the
more heavily edited an allele is, particularly if the edits include large deletions, such as those seen in
Lines 23 or 41, the harder it is to distinguish the A, B and D genomes in the reads, because the SNPs
used to distinguish between the homeoalleles may have been deleted. It may be necessary in further

identification to design new primers, or to amplify the A, B and D genomes separately.

Furthermore, the primers used in the amplification of the target site corresponded to positions that
were close to the editing sites, in particular the reverse primer binding site was close to the gRNA4
target position (Figure 6.4). This may mean that some edits at the gRNA4 editing site were missed in
the NGS analysis because of their proximity to the primer binding site. Options for primer location

was limited due to deletions in the intron following the first exon of TaASN2 (Chapter 4; Figure 4.11).

Consensus C C A C A T F & & A€ C A 33 - 0 C A i e e COCT G AT G ¥TECA T e K€
PAM 7.R gRNA
ASN2
3A ACACA TrET e A C € C A T & C T G A T & A F G CECEEeATET TCA TEAC
3B € €A E A CETrEcc A CC C A T A G F & A T € AT E EECEGCATER T CA E G A C
3D G € IRE A Y AR A C C C A r ACT C A R o S [ CEC . Ml €T TCA T €A

Figure 6.5. The position of gRNA4 and the reverse primer used in the PCR amplification of the target
site. The two are highlighted on the consensus sequence generated from the A, B and D genomes,
which are shown below it. The first exon is highlighted by the yellow annotation, showing the start of

the first intron shortly after the primer site.

Not all of the changes in edits between the T2 and T1 generations could be explained by differences
in the NGS coverage. Line 23, for example, showed wildtype alleles in the D genome as well as very
different edits in the B genome to what was seen in the T1 data. One of the edits seen in the B genome
was a 173 bp deletion between the gRNA2 and gRNA4 edition positions, which was not identified in

the T1 analysis and was unlikely to have been overlooked. Line 30 remained a triple mutant in the T2
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generation, as it was in the T1 generation, with the plant being homozygously edited in all three
genomes. However, the B genome edit in the T2 generation was different to that seen in the T1
analysis. Line 59 also remained a triple mutant; however, differences in the specific edits were seen.
The T1 plant was heterozygously edited in the B genome, whereas only one allele was seen in the T2
analysis, with differences seen in the edits at the gRNA4 position. Line 99, although designated WT
for the B genome in the T1 analysis, did show some edited alleles, and so the B genome status was
only assigned tentatively; however, it was clearly and unambiguously wildtype in the B genome in the
T2 analysis, with all nine plants being homozygous for the wildtype allele. Wildtype alleles were also
seen in the D and A genomes, respectively, of plants 20 and 24 of this line. There was also a
difference in one of the A genome edited alleles, where a two-base deletion at the gRNA4 position
seen in the T1 generation was not present in the T2 plants. Line 41 was also characterised as an A
genome mutant in the T1 generation, with a homozygous edit seen in the A genome, a wildtype D
genome and at least tentatively a wildtype B genome, although this was based upon only two single
reads. In the T2 analysis, however, the Line 41 plants were all triple mutants, with large deletions of
up to 75 bases in the B and D genomes. There was a difference seen between the T1 A-genome allele
and the T2 as the deletion of three bases at gRNA4 seen in the T1 plant was not seen in the T2
progeny. As the three base deletion is not seen in any T2 plant, it is likely this was just an incorrect
report of the T1 edited allele, as only 394 reads mapped to the A genome of T1 Plant 41, particularly
with the proximity of the gRNA4 editing site to the reverse primer.

The discovery of novel genome editing events in the T2 progeny suggest ongoing and active
CRISPR/Cas9 activity, a phenomenon that has been debated in previous wheat CRISPR/Cas9
experiments (Howells et al., 2018; Wang et al., 2018; Zhang et al., 2019). The transgenerational
activity of the CRISPR/Cas9 system has been shown to induce new functional variants at multiple
target sites in tomato (Rodriguez-Leal et al., 2017) and barley (Howells et al., 2018), and a recent
study reported it in wheat (Zhang et al., 2019). The A genome allele of Line 41, for example, seemed
to show new, additional edits at previously intact sites, specifically three new alleles were seen in
Plants 10, 38 and 82. These showed edits at positions that did not appear to be edited in the T1 Plant,
suggesting that Cas9 may still have been active in these plants and that editing was still occurring.
Cas9 was shown to be still present in 8 of the 10 Line 41 T2 plants, including Plants 10, 38 and 82
(Chapter 7; section 7.2.4). Continued activity could increase the chances of effective edits being

generated but adds to the difficulties of characterising the mutations that have occurred.

As mentioned in Chapter 5, this study achieved a high mutation rate, with 11 lines derived from the
14 selected TO plants showing editing. Most of the edits characterised were deletions, with the longest
deletion being 173 bp; however, there were some insertions, all of a single base pair, as well as some
base pair substitutions, reflecting what was reported by Zhang et al. (2019) (Section 1.18). However,

this chapter further highlights the problem of edit detection when using the CRISPR/Cas9 system.
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This is partly because wheat is a hexaploid species, and a greater depth of NGS data is required to be
able to characterise the edits effectively. The fact that wildtype alleles appeared in the T2 generation,
despite not being detected in the T1 generation, and editing continued in some lines beyond the TO
generation, leads to the conclusion that several generations may be required before edited wheat lines
become genetically stable.
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Chapter 7

TaASN2-Knockout Phenotype and Amino Acid
Analysis
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7.1. Introduction

7.1.1. Asparagine in nitrogen metabolism

Asparagine, alongside glutamine, has been implicated as being critical in nitrogen metabolism in plants,

with roles in transport and storage (Luo et al., 2017; Lea et al., 2007; Masclaux-Daubresse et al., 2008).

Nitrogen has a critical role in plant growth and development. It is usually taken up by plant roots as
either ammonium or nitrate (Xu et al., 2012). The nitrate that is not used directly by the roots is
converted to ammonium, which is then assimilated into glutamine and either transferred directly to
other parts of the plant or converted to asparagine (Xu et al., 2012). Asparagine has a high nitrogen to
carbon ratio and is relatively inert (Lea et al., 2007), with high solubility and high mobility. Thus,
inorganic ammonium is assimilated into asparagine, where it can be transported, recycled or stored, and
this process is vital for plant development and responses to environmental stimuli (Gaufichon et al.,
2010). Asparagine has also been implicated in the transport of nitrogen from senescing organs to
growing leaves and developing seeds (Lea et al., 2007; Oliveira et al., 2001).

Some species, such as soybean (Glycine max), pea (Pisum sativum) and clover (Trifolium species)
(Sieciechowicz et al., 1988) have been shown to preferentially use asparagine over glutamine, the
other main nitrogen transport molecule. Environmental conditions can affect this, with asparagine
levels increasing in dark-adapted pea plants (Urquhart and Joy, 1981), as a result of preferential
synthesis of asparagine under carbon-limited conditions (Urquhart and Joy, 1982). Moreover,
asparagine accumulates during senescence and during seed germination, as well as in response to

sugar starvation and several other abiotic and biotic stimuli (Lea et al., 2007; Brouquisse et al., 1992).
7.1.2. Asparagine in the grain

In wheat grain, free asparagine accumulates in response to sulphur starvation (Curtis et al., 2019;
Curtis et al., 2018b; Curtis et al., 2009; Granvogl et al., 2007; Shewry et al., 1983; Shewry et al.,
2009), nitrogen fertilisation (Martinek et al., 2009; Claus et al., 2006a) and biotic stress (Curtis et
al., 2016; Martinek et al., 2009). Sulphur deficiency, in particular, can lead to huge changes in free
asparagine levels, with increases of up to 30-fold seen (Muttucumaru et al., 2006). Even under
optimal conditions, there is a wide range in free asparagine concentration in the grain of different
wheat varieties, with concentrations ranging from 0.708 to 11.29 mmol/kg in a UK field trial of 59

varieties, for example (Curtis et al., 2018b).

Free asparagine is generally one of the most abundant free amino acids in cereal grain. In an early
study, for example, a maize line was shown to have a free asparagine concentration of 8 % of the total
free amino acid pool (Sodek and Wilson, 1971). A later review concluded that asparagine generally

accounts for up to 10 % of the free amino acids in cereal grain (Lea et al., 2007), and that increased to
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15 % in barley supplied with excess nitrogen (Lea et al., 2007). A recent study of the free asparagine
concentrations in a range of cereal species showed rye to have the highest concentration, 837.6 to
1535.7 mg/kg (6.33 to 11.62 mmol/kg), with oat the second highest, 510.7 to 1196.6 mg/kg (3.87 to
9.06 mmol/kg) (Zili¢ et al., 2017) and bread wheat the lowest, 430.2 to 837.4 mg/kg (3.26 to 6.34
mmol/kg). However, only a few varieties of each species were analysed in that study (Zili¢ et al.,
2017), and asparagine concentration is known to be variety-dependant (Taeymans et al., 2004; Curtis
et al., 2010; 2018b). In potato (Solanum tuberosum) tubers the concentration is even higher, with
asparagine the predominant free amino acid, accounting for up to 25 % of the total free amino acids
(Koch et al., 2003).

7.1.3. Asparagine synthetase in plant development

Despite the importance of asparagine in nitrogen metabolism, there is comparatively little research
into the role of asparagine and the asparagine synthetase genes in plant development, particularly in

important crop species.

Asparagine is synthesised by asparagine synthetases, encoded by asparagine synthetase genes (ASNS)
(Chapter 3). Arabidopsis possesses three ASN genes, AtASN1-3 (Lam et al., 1994, 1998), and these
genes are expressed in response to very different stimuli (Gaufichon et al., 2010; Oliveira et al., 2002;
Lam et al., 1998). AtASN2 plays an important role in ammonium metabolism (lgarashi et al., 2009)
and nitrogen assimilation and export during vegetative growth (Gaufichon et al., 2013, 2016).
Overexpression of AtASN1 leads to increased asparagine in the phloem, as well as higher amino acid
levels in the seeds (Lam et al., 2003), with the atasn1 mutation affecting seed development
(Gaufichon et al., 2017).

There are two ASN genes in potato, known as StAstl and StAst2 (Rommens et al., 2008). StAst1 was
predicted to have a role in assimilating, transporting and storing nitrogen (Chawla et al., 2012),
similar to AtASN1 (Lam et al., 2003), whilst StAst2 was predicted to have a role in ammonium
metabolism (Chawla et al., 2012), similar to AtASN2 (Wong et al., 2004). The simultaneous silencing
of both StAst genes through RNAI led to a 95 % reduction in free asparagine in the tubers (Rommens
et al., 2008). Under glass, the transgenic potatoes appeared normal, with no obvious phenotype;
however, the plants exhibited a deleterious phenotype when placed in the field. The StAst1/2-silenced
plants produced small, cracked tubers, and showed a reduced yield (Chawla et al., 2012). When
individual genes were repressed through RNAI, the StAst1 gene was found to have an important role
in asparagine synthesis in the tubers, while StAst2 influenced more agronomic traits (Chawla et al.,
2012). The tuber-specific silencing of StAst1 was found to reduce the asparagine concentration of the
tubers by 80 %, without negative yield phenotypes (Chawla et al., 2012). This shows that the free
asparagine accumulating in the tubers is being synthesised in situ rather than imported from elsewhere

in the plant (Muttucumaru et al., 2014a). Cracking in potato tubers has previously been shown to be
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associated with stress (Jefferies and Mackerron, 1987); however, Chawla et al. (2012) concluded that
the negative phenotype observed in their study was a direct result of the silencing of the StAst genes

simultaneously, as no other indications of stress were noted.

The two OsASN genes in rice (Chapter 3) show different expression patterns, and different responses
to ammonium (Nakano et al., 2000; Kawachi et al., 2002), with OsASN1 shown to be responsible for
asparagine synthesis in the roots (Ohashi et al., 2015). Luo et al. (2019) showed the importance of
OsASNL1 in plant development in rice: T-DNA inserted and CRISPR/Cas9 generated osasnl mutants
showed reduced plant height, root length, and tiller number compared with wildtype, with the relative
expression of many genes involved in the asparagine metabolic pathway declining, and highlighted
the importance of OsASNL1 in tiller outgrowth. Nitrogen and phosphate are known to be important in
tiller outgrowth regulation (Luo et al., 2017); however, the concentration of nitrogen was unaffected
by the loss of OsASN1 (Luo et al., 2019). The targeted knock-out of OsASN1 affected other genes in
the asparagine metabolism pathway, particularly OsASN2, which was upregulated in the osasnl
mutants (Luo et al., 2019), with the expression of genes involved in glutamine and glutamate
transformation decreasing. Note that OsASNL1 is equivalent to TaASN4 (Chapter 3).

In grain development in wheat, TaASN3 is the most highly expressed at the early stages; however,
TaASN1 and TaASN2 are the most highly expressed by mid-development (Curtis et al., 2019; Gao et
al., 2016). TaASN2 is expressed much more highly than TaASN1 (Gao et al., 2016, Curtis et

al., 2019), shows grain specific expression and is unique to the Triticeae (Chapter 3).
7.1.4. Chapter aims

The aim of the work described in this chapter was to investigate any phenotypic effects associated
with the successful editing of TaASN2. In the T2 generation, the genome edited lines were compared
to wildtype plants to assess the effect of mutations in the TaASN2 gene on plant growth and
development.

The T2 and T3 seeds were tested for amino acid concentration, to indicate whether genetic
interventions into the TaASN2 gene brought about a reduction in asparagine accumulation in wheat

grain and, therefore, a reduction in acrylamide-forming potential.
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7.2. Results

7.2.1. Phenotypic analysis of the T2 generation

7.2.1.1. Germination issues in the T2 generation

An immediate phenotype was noted in that seeds of Lines 23, 30, 41 and 59 showed poor germination
rates. The seeds grew roots, but the plants failed to produce a shoot. The shoot nub that did emerge
was white in colour and eventually rotted despite the excess of roots. Potentially the seed’s asparagine
stores are required as the initial nitrogen source, without which the seed fails to germinate, or TaASN2
is expressed during germination and has an important role in the germination process. This needs to
be researched further. The phenotype was overcome by the exogenous application of 0.1 M

asparagine to the seeds during germination.
7.2.1.2. Growth phenotype

The plant growth measures (Table 7.1) were analysed statistically using a restricted maximum
likelihood (REML)/linear mixed model method. The predicted means and the average standard error
of differences are shown in Table 7.1. The only variable to show a significant difference (p < 0.05, F-
test) between the edited lines and the wildtype was the 50 seed weight. Line 99 showed a predicted
mean weight of 2.43 g compared with 1.68 g for the wildtype (WT), with Lines 23 and 178 showing
2.14 and 2.15 g, respectively. There was no detectable difference in any edited line to the wildtype
plants for all other measures. These results, with no obvious negative phenotypic effect of the editing

in TaASN2, although promising, will have to be confirmed in the field.

Plant height ranged from 54 cm (WT) to 93 cm (Plant 126); however, there was variation within the
plant lines themselves. The biggest range in plant height was seen in the WT plants (54 — 87 cm), with
the smallest range seen in Line 99 (59 — 76 cm). Line 99 produced the shortest plants, with an average
tallest tiller height of 69.22 cm, and Line 126 produced the tallest, with an average value of 79.5cm.
Despite being the shortest plants (59 — 76 cm), Line 99 did not produce the smallest biomass (average
of 26.69 g). Line 30 had the smallest total plant biomass (23.48 g) and Line 41 had the largest (37.64
g). The average 50 seed weight of the plants also varied considerably, with the heaviest seeds seen in
Line 99 at 2.196 - 3.301 g (average of 2.43 g) compared with 0.789 to 2.253 g (average of 1.68 g) for
WT plants. The lightest seeds were seen in Line 126, where the highest average 50 seed weight was
only 2.172 g.
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Table 7.1. The predicted means of the plant lines from the restricted maximum likelihood

(REML)/linear mixed model for comparing the edited lines to the wildtype. The average standard

error of differences is shown for the error compared to the WT plants and for the error between the

lines, and the F probability (F pr) is shown for each variable.

Predicted means of plant lines

Average standard
error of

differences

Between
126 178 23 30 41 59 99 WT WT ] F pr
Lines

Height of tallest

) 79.81 | 73.58 | 74.43 | 73.37 | 76.78 | 73.20 | 70.00 | 72.60 | 2.89 3.30 0.16
tiller (cm)

Tiller number | 10.56 | 7.43 | 9.76 | 7.62 | 11.28 | 11.27 | 10.80 | 8.87 1.70 1.91 0.24

Ear number 945 | 6.95 | 8.28 | 7.03 | 10.26 | 10.17 | 8.69 | 7.96 1.44 1.58 0.26
Total above

ground biomass | 32.00 | 29.36 | 31.38 | 24.38 | 40.15 | 33.78 | 32.20 | 29.04 | 6.57 7.07 0.59

C);

Vegetative

) 12.53 | 10.18 | 12.94 | 9.30 | 15.77 | 12.05 | 11.17 | 10.81 | 2.42 2.58 0.38
biomass (g)

Ear weight (g) | 20.00 | 18.87 | 18.30 | 15.46 | 24.48 | 21.62 | 20.49 | 18.26 | 4.27 4.64 0.70
Total seed

] 1494 | 1464 | 14.32 | 12.18 | 18.77 | 16.76 | 17.98 | 13.90 | 3.47 3.83 0.67
weight ()
Average 50

) 184 | 214 | 215 | 198 | 1.79 | 1.80 | 273 | 168 | 0.15 0.17 <0.001
seed weight (g)

7.2.2. T2 free amino acid analysis

7.2.2.1. Asparagine

Free asparagine concentration was measured in the seeds of the T1 plants (i.e. the T2 seeds), with five

individual seeds being analysed by GC-MS for each plant. The wildtype control seeds showed a mean

asparagine concentration of 1.628 mmol/kg (values ranged from 1.112 to 2.309 mmol/kg) (Figure

7.1). The wildtype-like seeds, Line 126, also showed variation in the asparagine concentration, with

levels between 0.877 — 2.829 mmol/kg, and a similar mean concentration of 1.545 mmol/kg. Line 30,

a triple null, did not show a reduction in asparagine concentration, with a mean concentration of 1.560

mmol/kg.
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Figure 7.1. Free asparagine concentrations in the T2 grain of edited wheat (Triticum aestivum) cv.
Cadenza seeds from: Line 178 (A genome mutant), Line 99 (AD mutant); Lines 23, 30, 41 and 59
(ABD mutants), and wildtype (WT) and Line 126 (WT-like). Individual seeds were analysed, and the
graphs show the means and standard errors from three technical reps.

Line 41, a triple null line, showed a low level of asparagine in most of the seeds; however, seed 5
showed the third highest concentration seen in any plant. The overall average asparagine
concentration was 1.081 mmol/kg, with seed 5 showing a concentration of 3.141 mmol/kg, nearly 12-
fold higher than the lowest value seen in Line 41. Line 178, the A genome null line, showed an
average asparagine concentration of only 0.908 mmol/kg, 56 % of the wildtype average. The highest
concentration seen in Line 178, from seed 2, showed a concentration of 1.419 mmol/Kkg, just
underneath wildtype average.

Line 23, a triple null line, showed a low-asparagine phenotype. The asparagine levels were variable,
but even the highest concentration in Line 23, seed 2, with a concentration of 1.223 mmaol/kg, was
lower than the wildtype average. The average concentration of asparagine was 0.699 mmol/kg,
making it the second lowest genotype for asparagine level. Line 59 exhibited a very low asparagine
phenotype, with values ranging from 0.095 to 0.215 mmol/kg and an average concentration of 0.143

mmol/kg. This was less than 10% of the wildtype control line.

- 177 -



Line 99 showed no reduction in free asparagine concentration; instead, it showed the highest average
asparagine concentration at 2.920 mmol/kg. This high average concentration was skewed by the
extremely high concentration seen in seed 3 (5.813 mmol/kg) and, to a lesser extent, seed 2 (3.931
mmol/kg). The asparagine concentration in seed 3 was over 3.5-fold higher than the wildtype average,
with seed 2 showing a value which was nearly 2.5 times higher. Seed 4 and 5 for Line 99 showed
lower levels of asparagine, at 0.973 and 1.312 mmol/kg, respectively; values that were lower than the

WT average.
7.2.2.2. Other key amino acids in asparagine metabolism

The values of glutamic acid (glutamate) also varied considerably on a seed-to-seed basis (Figure 7.2
top). The wildtype controls showed a 3-fold range in glutamate concentration and the wildtype and
Line 126 seeds showed a similar level of glutamate, as expected, 0.211 - 0.737 and 0.278 - 0.643
mmol/kg, respectively, and mean values of 0.525 and 0.479 mmol/kg, respectively. Higher
concentrations were seen in seeds from Line 23, showing a high of 1.721 mmol/kg with seed 2 and an
average value of 1.019 mmol/kg, Line 59, which showed a high of 1.669 mmol/kg with seed 5 and an
average of 1.108 mmol/kg, and Line 99, which showed the highest concentration of glutamate at
3.181 mmol/kg in seed 3 and the highest average at 1.646 mmol/kg. However, Lines 41 and 178 also
showed seeds with higher glutamate concentrations, with average values of 1.057 and 0.931 mmol/kg,
respectively. Only Line 30 showed an average glutamate concentration which was comparable to the
wildtype/Line 126 value, with a mean value of 0.611 mmol/kg.

The aspartate concentrations also varied from seed to seed (Figure 7.2 middle), with one of the control
wildtype seeds showing a very low concentration of aspartate (0.012 mmol/kg). Extremely low
concentrations were seen in every plant line apart from Line 41, with seed 2 from Line 126 showing
0.073 mmol/kg, seed 1 from Line 178 showing 0.031 mmol/kg, seed 4 from Line 59 showing 0.045
mmol/kg and seed 4 from Line 99 showing 0.042 mmol/kg. No aspartate at all was detected in seeds 4
and 5 from Line 178, seeds 1 and 5 from Line 23 and seed 3 from Line 30. Line 41 showed a large
variation in aspartate concentration, from 0.242 to 1.891 mmol/kg. Clearly this variation in aspartate
was not genotypic in nature, as there was large variation between the Lines that could not be
accounted for on the basis of the NGS data, and there was no obvious disruption in aspartate
biosynthesis in the low-asparagine Line 59 seeds, with seed 5 showing the highest concentration of

aspartate seen in any genotype at 2.219 mmol/kg.

The levels of glutamine in the seeds were relatively consistent (Figure 7.2 bottom) with the obvious

exception of seed 3 from Line 99, which showed a glutamine concentration
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Figure 7.2. Free glutamate (top), aspartate (middle), and glutamine (bottom) concentrations in the T2
grain of edited wheat (Triticum aestivum) cv. Cadenza seeds from: Line 178 (A genome mutant), Line
99 (AD mutant); Lines 23, 30, 41 and 59 (ABD mutants), and wildtype (WT) and Line 126 (WT-like).
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Five individual seeds were analysed per plant and the graphs show the means and standard errors

from three technical reps for each seed.

10-fold higher than the wildtype controls, with 11.432 mmol/kg compared to the 0.949 - 1.175
mmol/kg seen in the wildtype plants. Two of the remaining Line 99 seeds showed a higher glutamine
phenotype, with values of 1.823 and 2.339 mmol/kg; however, the other two showed levels
comparable to wildtype plants. Line 23 was also consistently higher than the wildtype values, with
mean glutamine values of 2.012 and 1.084 mmol/kg, respectively. Four seeds from Line 126 and two

seeds from Line 178 showed low levels of glutamine.

The key amino acids in asparagine biosynthesis are synthesized in other reactions and have important
biological functions which are independent of asparagine biosynthesis. Despite this, reducing
asparagine synthetase gene expression has a knock-on effect on their concentrations and, therefore,

the composition of the total amino acid pool.

7.2.2.3. Total free amino acid concentrations and free asparagine as a proportion

of the total free amino acid pool

Some of the range in concentration of free asparagine in each line can be explained by single seeds
being analysed and seed-to-seed variation, as well as genetic differences within the lines, due to
segregation and, potentially, continued editing. Higher overall concentrations have previously been
reported in Cadenza in a field trial (Curtis et al., 2018b), but free asparagine is known to accumulate

in response to environmental factors.

The total amino acid concentration in the seeds was similar for most of the lines: 20.12 mmol/kg in
the wildtype, 19.94 mmol/kg in Line 126, 19.16 mmol/kg in Line 178, 18.19 mmol/kg in Line 23,
20.43 mmol/kg in Line 30, 19.50 mmol/kg in Line 41 and 20.24 mmol/kg in Line 59. As a result, the
lower free asparagine seen in the edited lines represented reduced asparagine specifically, rather than
a reduction in total free amino acids. In the wildtype and wildtype-like seeds, asparagine represented
8.09 and 7.75 % of the total free amino acids. Line 30 showed a similar value of 7.63 % of the total
amino acid pool being asparagine. Line 178 showed 4.74 %, Line 41 5.55 % and Line 23 3.84 %. In
Line 59, asparagine only represented 0.71 % of the total free amino acid pool. Line 99 showed a
much higher concentration of total free amino acids, 29.01 mmol/kg, and asparagine made up 10.06 %
of that.

7.2.3. T3 amino acid analysis

The unedited control was so similar to wildtype plants in terms of free asparagine concentration in the
T2 seed that it was not considered necessary to continue to analyse this line as a separate control. No

novel editing events were detected in the T2 NGS analysis of this line either, so T3 seed were not
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analysed. Line 30 was also not analysed further because it was not showing a low asparagine
phenotype. Plants from the other lines were selected for T3 seed amino acid analyses based on the
genetics from the T2 NGS data (Chapter 6). This reduced the number of plants that were analysed; in
Line 23, for example, only the three plants that were shown to be triple nulls (plants 33, 60 and 75)
were analysed.

Due to more grain being available for analysis, and the variability seen in the single seed analysis at
the T2 stage, the amino acid concentrations in the T3 seeds were measured after the seeds had been
ground to wholemeal flour, with the seed from a single plant being bulked together to give one batch
of flour. The samples were analysed using high performance liquid chromatography instead of gas
chromatography — mass spectrometry due to a change in methodology at the analytical laboratory
(Chapter 2; section 2.6.2 and 2.6.3).

7.2.3.1. Asparagine

The wildtype T3 seeds (plants P1, P32 and P83) showed a much higher asparagine concentration than
the T2 seeds, with the mean values ranging from 13.89 — 17.17 mmol/kg, and the average of all the

wildtype plants being 15.07 mmol/kg (Figure 7.3).

Line 23 (plants P33, P60 and P75) ranged from 7.75 to 10.15 mmol/kg, with a total average for Line
23 of 8.57 mmol/kg, which is just over half the amount seen in the wildtype lines. Line 178 (P23, P35
and P51) ranged from 7.98 to 13.41 mmol/kg, with a line average of 10.24 mmol/kg, which
corresponds to two thirds of the wildtype value. Only two plants were tested in Line 99, P28 and P52,
which showed asparagine concentrations of 14.08 and 8.57 mmol/kg, respectively, which gives an
average of 11.33 mmol/kg. This is three quarters of what is seen in the wildtype seeds. The very high
levels of free asparagine seen in some of the T2 seeds from this line were not evident in the T3

generation.

There were five plants tested in Line 59, P6, P16, P26, P59 and P84, and the free asparagine
concentration ranged from 3.74 to 10.43 mmol/kg, with an overall average of 7.22 mmol/kg. This is
just under half the value seen in the wildtype plants, although P84 showed an asparagine

concentration that was only a quarter of that seen in the wildtype plants.

Three plants were tested in Line 41 (P10, P43 and P69), and these three plants showed a huge range in
asparagine concentration. Plant 69 showed a concentration of 8.57 mmol/kg, which is just over half of
what is seen in the wildtype seeds and identical to the average for Line 23. However, Plants 10 and 43
showed the two highest asparagine concentrations seen in the analysis, with 19.61 and 26.12 mmol/kg
respectively. This leads to a line average of 18.10 mmol/kg, which is 20 % higher than the wildtype

concentration.
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Figure 7.3. Free asparagine concentrations in wholemeal flour from the T3 grain of edited wheat
(Triticum aestivum) cv. Cadenza plants from lines: wildtype (WT); Line 178 (A genome mutant);
Line 99 (AD mutant); Lines 23, 41 and 59 (ABD mutants). The graphs show the means and standard

errors from three technical reps.

An analysis of variance (ANOVA) showed the effect of line on asparagine concentration to be
significant (F pr = 0.04). T-tests (two-sided) were then performed to compare the lines to the wildtype
(WT) (Table 7.2), and the reduction in free asparagine in Line 59 was shown to be significant (p =
0.024, t-test); however, the T-tests were not corrected for multiple testing and are not significant when
Bonferroni correction is applied. The reductions in asparagine in Lines 99, 23 and 178 compared to
wildtype were not significant (Table 7.2); more data from a larger number of reps than could be
generated in this experiment would be required to test the significance of the smaller reductions in

free asparagine in these lines.

Table 7.2. The results of a two-way t-test to compare free asparagine concentration in wholemeal
flour produced from T3 seeds of edited lines and wildtype, with the line mean, the difference to the
WT mean, the standard error of the differences (SED) and the t and p values.

Mean | WT Difference SED t-val p-val
178 10.2413 -4.8316 3.442 -1.4037 0.1838
23 8.5483 -6.5246 3.442 -1.8956 0.0805
41 18.0507 2.9778 3.442 0.8651 0.4026
59 7.2164 -7.8565 3.079 -2.5516 0.0241
99 11.3246 -3.7483 3.849 -0.9738 0.3479
WT 15.0729
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7.2.3.2. Other key amino acids in asparagine metabolism

The concentration of glutamate in the flour (Figure 7.4 top) from the wildtype grain ranged from 2.98
to 3.52 mmol/kg, averaging 3.32 mmol /kg. Line 178 showed a range similar to the wildtype, from
2.68 to 3.54 mmol/kg, with an average of 3.02 mmol/kg, which is just slightly below the wildtype
average. Line 23 had an average of 3.73 mmol/kg (range 2.81 — 4.52 mmol/kg). Line 99 showed
glutamate concentrations of 4.48 (Plant 28) and 3.52 (Plant 52) mmol/kg, averaging 4.00 mmol/kg,
about a fifth higher than the wildtype values. The glutamate concentrations in Line 41 showed a large
range, from 3.64 to 6.09, averaging at 5.20 mmol/kg, over 50 % higher than the wildtype average.
Line 59 also showed a high aspartate concentration, with 6.25 mmol/kg, nearly 90 % higher than the
wildtype average, with the individual plant values ranging from 5.15 to 7.18 mmol/kg. The ANOVA
showed the effect of line to be significant (F pr = >0.001) for glutamate concentration. Significant

differences to the wildtype were seen for Lines 41 and 59 (Table 7.3).

Table 7.3. The results of an analysis of variance test on the effect of line on glutamate concentration
(F pr <0.001). The Line means and the least significant differences (LSD) at the 5 % significance

level.
Line

178 23 41 59 99 WT
I\h'e”aen 3021 | 3731 | 5204 | 6251 | 4.001 | 3321
178 * 1469 | 1469 | 1.314 | 1.642 | 1.469
23 * 1469 | 1314 | 1.642 | 1.469
41 * 1314 | 1642 | 1.469
LSD 59 * 1505 | 1.314
99 * 1.642

WT *

The wildtype concentration of aspartate in the flour of T3 seed (Figure 7.4, middle) ranged from 3.24
to 5.03 mmol/kg, with an average value of 4.11 mmol/kg. Line 178 showed an average of 4.62
mmol/kg (4.13 — 5.35 mmol/kg). The aspartate concentrations in Line 99 were 6.86 and 6.45 mmol/kg
for plant 28 and 53, respectively, averaging 6.66 mmol/kg, 60 % higher than what is seen in the
wildtype seeds. Concentrations in Line 23 ranged from 4.78 to 5.88 mmol/kg, with an average of 5.25
mmol/kg. Line 41 showed a higher concentration of aspartate, with values ranging from 5.77 to 10.39
mmol/kg and an average concentration of 8.12 mmol/kg. Line 59 also showed a higher aspartate
concentration, with an average concentration of 8.10 mmol/kg, nearly double that of the wildtype, and
values ranged from 5.86 (Plant 84) to 10.19 (Plant 59) mmol/kg. The ANOVA showed the effect of
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line to be significant (F pr = 0.007) for aspartate concentration. Significant differences to the wildtype
were seen for Lines 41 and 59 (Table 7.4).

Table 7.4. The results of an analysis of variance test of the effect of line on aspartate concentration (F

pr = 0.007). The Line means and the least significant differences (LSD) at the 5 % significance level.

Line
178 23 41 59 99 WT

I\I;Ilenaen 46244 | 52465 | 81208 | 8.1023 | 6.6572 | 4.1057
178 * 2473 | 2473 | 2212 | 2765 | 2473
23 * 2473 | 2212 | 2765 | 2473
41 * 2212 | 2765 | 2.473
LSD 59 * 2534 | 2212
99 * 2.765

WT *

The concentration of glutamine in the flour (Figure 7.4, bottom) from the wildtype grain ranged from
0.47 to 0.76 mmol/kg, with an average of 0.62 mmol/kg. Line 23 showed an average glutamine
concentration of 0.77 mmol/kg, comparable to the wildtype value, with the values ranging from 0.46
to 1.19 mmol/kg. Line 178 showed an average value of 0.40 mmol/kg, with concentrations ranging
from 0.15 to 0.66 mmol/kg. Line 59 showed a relatively small range in glutamine concentrations, with
values ranging from 1.19 to 1.67 mmol/kg. The average concentration was 1.52 mmol/kg, 2.5 times
higher than the wildtype levels. Line 41 ranged from 0.53 to 2.78 mmol/kg, with an average value of
1.74 mmol/kg, nearly three-fold higher than the average wildtype concentration. In Line 99, plant 28
showed a concentration of 1.90 mmol/kg, over three times higher than the wildtype value, whereas
plant 52 showed a concentration of only 0.23 mmol/kg, which was just over a third of the wildtype
value, averaging 1.07 mmol/kg for the line. The ANOVA showed that there was only a marginally

significant effect of line for glutamine concentration (F pr = 0.078).
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Figure 7.4. Free glutamate (top), aspartate (middle), and glutamine (bottom) concentrations in
wholemeal flour from the T3 grain of edited wheat (Triticum aestivum) cv. Cadenza plants from lines:
wildtype (WT); Line 178 (A genome mutant); Line 99 (AD mutant); Lines 23, 41 and 59 (ABD
mutants). The graphs show the means and standard errors from three technical reps.
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7.2.3.3. Total amino acid concentrations and free asparagine as a proportion of

the free amino acid pool

For the wildtype plants, the total free amino acid concentration was 36.92 mmol/kg (34.43 to 39.73
mmol/kg). This means that asparagine made up 40.79 % of the total free amino acid pool (Figure 7.5),

substantially higher than what was seen in the T2 seed.

Line 178 showed a mean total free amino acid concentration of 28.16 mmol/kg (23.93 to 35.37
mmol/kg), therefore asparagine represented 36.15 % of the total amino acids in Line 178. The mean
total free amino acid concentration for Line 99 was 37.11 mmol/kg (46.67 and 27.55 mmol/kg for
plants 28 and 52 respectively), with asparagine contributing 30.64 % of that. In Line 23, the average
total free amino acid concentration was 29.96 mmol/kg (ranging from 25.84 to 35.88 mmol/kg),

meaning that on average, asparagine represented 28.69 % of the total free amino acid pool.

Line 41 showed a higher total amino acid concentration: 51.30 mmol/kg (ranging from 30.56 to 66.32
mmol/kg). This means that the increased levels of free asparagine seen in Line 41 were in keeping
with a generational increase in the concentration of free amino acids in that line and that the levels of
free asparagine as a percentage of the total free amino acids (33.78 %) were not abnormally high. Line
59 averaged a total free amino acid concentration of 40.78 mmol/kg (35.57 — 48.16 mmol/kg),
meaning that free asparagine only accounted for 17.42 % of the total free amino acid pool in the
plants of Line 59, less than half what was seen in the wildtype seeds.

The total free amino acid pool in the T3 seed was much larger than that of the T2 seed. The average
total amino acid concentration for the T2 wildtype seed was 20.12 mmol/kg, whilst the T3 seed was

36.92 mmol/kg, which is an increase of over 80 %.
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Figure 7.5. The contribution of asparagine to the total free amino acid pool in wholemeal flour
produced from the T3 seed of wheat (Triticum aestivum) cv. Cadenza plants from lines: wildtype
(WT); Line 178 (A genome mutant); Line 99 (AD mutant); Lines 23, 41 and 59 (ABD mutants). The

graphs show the means and standard errors from three technical reps.
7.2.4. Analysing the T2 plants for Cas9 integration

The presence of the Cas9 gene in the T2 plants was assessed by PCR (Figure 7.6) to determine
whether the Cas9 gene was segregating away to produce Cas9-free plants. The segregating away of
the Cas9 gene is desired because it is possible that the integration of the transgene led to disruption of
native genes, potentially affecting the phenotype of the plants. The presence of the Cas9 would also
raise the issue of further and novel edits, particularly as there was evidence of transgenerational
editing in some of the lines (Chapter 6), meaning that genetic stability of the lines could not be

achieved while the Cas9 gene was still present.
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Figure 7.6. Electrophoresis gel with PCR products of part of the Cas9 gene from DNA isolated from
leaves of wheat (Triticum aestivum) cv. Cadenza plants. The lines the plants were derived from are
indicated. Not all samples are shown. The Cas9-containing plasmid (pRRes217.486) was used as a
control. The expected product was 557 bp and the 2-Log DNA Ladder (0.1-10.0 kbp) (NEB) was

used.

The Cas9 gene was detected in two of the Line 126 plants (Plants 3 and 51). These plants have been
classified as wildtype-like due to no editing events being present in the T2 NGS data. Despite the
integration of Cas9 plants, no further editing events were detected in the T3 generation. Line 41 only
showed 20 % of the plants being Cas9-free (Plants 15 and 29). Line 99 showed seven Cas9-free
plants out of a total of nine plants (Plants 4, 25, 34, 47, 62, 74, 78 and 87). Line 178 showed 60 % of
plants as Cas9-free (Plants 13, 23, 35, 42, 64 and 76). Line 23 showed integration in 80% of the plants
(Plants 45 and 75 were Cas9-free). Line 59, the very low asparagine line, showed only one plant out
of 11 to be Cas9-free (Plant 84), and all the ten Line 30 plants tested showed Cas9 integration,

indicating a multiple copy number of the gene.

7.3. Discussion

7.3.1. Plant growth phenotype

The genome edited taasn2 plants showed no deleterious growth or developmental phenotype, other
than a germination phenotype which was overcome by the exogenous application of asparagine. The
phenotypic effects seen in rice, when OsASN1 (equivalent to TaASN4, Chapter 3, section 3.2.3.11)
was targeted (Luo et al., 2019), and in potato, when StAstl and StAst2 were simultaneously targeted
(Rommens et al., 2008), were not seen. The osasnl mutants showed reduced plant height, root length,
and tiller number, while many other asparagine metabolism genes were affected, particularly OsASN2,
which was upregulated in the mutant plants (Luo et al., 2019). It was hypothesised that this was due to
the reduced free asparagine, leading to a regulatory compensation mechanism. This has not been
investigated yet in these lines. Potatoes that had both the ASN genes silenced showed a 95 %
reduction in free asparagine (Rommens et al., 2008). However, they produced small, cracked

abnormal tubers with reduced yield in the field (Chawla et al., 2012).

- 188 -



TaASN2 is a grain-specific gene, unique to the Triticeae (Raffan and Halford, 2019; Chapter 3, section
3.3.2). As such, it is likely it can be targeted and knocked out without compromising vegetative
asparagine synthetase gene expression, and without completely removing all asparagine synthetase
activity from the grain (Curtis et al., 2019; Chapter 3, section 3.2.2). The methods employed here,
targeting TaASN2 by genome editing, may not be applicable across crop species, and the ASN gene
family must be investigated in each individual species before species-specific intervention strategies

can be devised (Chapter 3, section 3.3.5).
7.3.2. Reduced asparagine

Plants with a greatly reduced free asparagine phenotype in the grain were produced, representing the
achievement of the thesis goal of producing genome-edited wheat plants with a reduced acrylamide-
forming potential. The concentrations of free asparagine in the T2 seeds of Line 59 were less than 10
% those of the wildtype controls, and less than 50 % in the T3 seeds.

The proportion of the free amino acid pool represented by asparagine in the T2 seeds from Line 59
was much lower than in the corresponding wildtype seeds, with asparagine representing less than 1 %
of the free amino acids. Glutamate, and even glutamine concentration, also appeared to be higher than
in the wildtype seeds. Free asparagine also represented a lower proportion of the free amino acid pool
in the T3 seeds in Line 59 when compared to the wildtype; however, this was greater than in the T2
seeds. The free asparagine concentrations were also reduced in Lines 23, 59 and 178 when compared
to the wildtype; however, Line 59 consistently showed the lowest free asparagine concentration. This
might be a product of the different edits present in the plants (Chapter 6), and the functional effect
those edits will have on the TaASN2 protein encoded; however, Line 59 appeared consistently low
despite the fact there are two different A genome edited alleles, resulting in the plants not being
genetically identical. Line 23 was much lower than the wildtype in the T2 seeds but this was not seen
in the T3 seeds; however, only three plants were looked at in the T3 seed due to segregation. No
statistical significance at 5% level in the free asparagine concentration of the T3 seed but, given the
marginal significance (F pr = 0.078), it is reasonable to further investigate this line. The fact that Line
41 did not show comparable reductions in free asparagine levels also raises questions. Free asparagine
accumulation is heavily influenced by environmental factors and it is also possible that the other

TaASN genes may have a role in this.
7.3.3. Comparison of the amino acid analysis of the T2 and T3 seeds

The total amino acid concentration was a lot higher in the T3 generation, with an 83.5 % increase
between the T2 and T3 wildtype seeds. The free asparagine levels were also much higher in the T3
seed, both per se and as a percentage of the total free amino acid pool. This increase in free amino

acids, particularly asparagine, has been associated with stress (Lea et al., 2007; Curtis et al., 2014b).
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The T2 plants did experience stress as the seeds were developing during the heatwave in the summer
of 2019, so it is likely that this increase in asparagine is a result of heat stress. As the plants are
classified as GM under current EU regulations (Chapter 5, section 5.1.3.), they could not be moved
from the glasshouse when daytime temperatures increased. The increase in free asparagine
concentration occurred despite the lack of a functional TaASN2 gene, of course, suggesting that one or
more of the other TaASN family members was responsible. TaASN1 is known to be environmentally
responsive (reviewed by Raffan and Halford, 2019) and has been shown to be responsive to salt
stress, osmotic stress and abscisic acid (Wang et al., 2005), so it could be TaASN1 that was
responsible for this stress-induced asparagine accumulation. It is an important result that despite this
increase in free amino acid and free asparagine concentration, the edited lines continued to show a

reduced asparagine phenotype when compared to a wildtype control.
7.3.4. Confirmation of phenotypes

No developmental phenotypes were observed in edited plant lines; however, these results need to be
confirmed in the field. Stress factors are known to affect free asparagine accumulation, as is seen in
the T3 seed from the T2 heat-stressed plants. Furthermore, crop management factors also affect free
asparagine accumulation (reviewed in Raffan and Halford, 2019), which may overcome the genetic
intervention. The StAst1/2 RNAI potatoes showed no growth phenotype when grown under glass
(Rommens et al., 2008); however, a deleterious growth phenotype was seen when the plants were
placed in the field (Chawla et al., 2012). The potato tubers were small and cracked, with an overall
reduced yield, Thus, it is possible that an unexpected phenotype may been seen when the TaASN2-

knockout plants are placed in the field, re-emphasising the need for field trial testing.
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Chapter 8

Conclusions and Future Work
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8.1. Restatement of the project aims

The aim of this thesis was to generate wheat (Triticum aestivum) plants with a low acrylamide-
forming potential. Acrylamide is a Group 2a human carcinogen which was discovered in cooked
foodstuffs in 2002 as a food processing contaminant. The project utilised genome editing technology
for the targeted knockout of asparagine synthetase 2 (TaASN2) in wheat, and also identified EMS-

mutagenised lines with mutations in the TaASN2 gene.

Towards this aim, the project had four objectives:

1. Analysis of the TaASN genes in wheat leading to the design of effective gRNAs for the targeted
knock-out of TaASN2 through CRISPR/Cas9 technology.

2. The identification of TILLING lines with mutations in TaASN2.
Generation and characterisation of genome-edited plants with mutations in TaASN2.

4. Analysis of the TaASN2-knockout phenotype for plant growth and grain composition, and for

asparagine accumulation.
8.2. Achievement and discussion of specific chapter aims

8.2.1. Chapter 3

The work described in Chapter 3 aimed to characterise the cereal TaASN genes in silico by assessing
the gene family structure, with a particular focus on TaASN2 and its homologues. This would provide
further understanding of how the cereal asparagine synthetase gene family evolved and the roles of
specific genes within each species. A genomic analysis was performed on species from the Triticea
and less closely related cereal species. Understanding the gene families may also shed light on the
genetic factors that underlie the differences in free asparagine levels in the different species, as well as
informing strategies for genetic interventions in the different species, including how ‘transferable’ the

technology used in this project would be likely to be.

The analysis confirmed the four ASN gene groups in the Triticeae, highlighting the inconsistency in
the pre-existing ASN gene family nomenclature, and confirmed the subdivision of TaASN3 into
TaASN3.1 and TaASN3.2. The study allowed for an evolutionary pathway for the development and
division of the ASN gene family in cereals to be proposed. The duplication of the group 3 genes (into
3.1 and 3.2) is only found in the Triticeae, although maize has a second group 4 gene, and some
truncated genes. The group 2 genes, the group that TaASN2 belongs to, was unique to the Triticeae.
This shows that the genetic interventions and technology employed in wheat could not be easily

transferred to cereal species such as rice, maize and sorghum, and the unique presence of the TaASN2
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gene, with grain-specific expression, presents a singular opportunity for reducing the acrylamide-

forming potential of wheat.

RNA-seq analysis was used to confirm the grain-specific expression of TaASN2, and whether it was
the best target for genetic interventions aimed at bringing about grain-specific reduction in free
asparagine concentration. It allowed for the assessment of whether additional targets would be needed
for the effective reduction of asparagine accumulation. The expression analysis was also required to
be able to interpret the outcomes of the genome-editing intervention, as if there had been no
phenotype in the edited plants, the expression analysis would have been needed to explain why this

was, in the context of the underlying molecular network.

TaASN1 and TaASN2 were previously known to be the most highly expressed asparagine synthetase
genes in wheat grain, with TaASN2 more highly expressed than TaASN1 (Gao et al., 2016). The
RNA-seq analysis confirmed that TaASN2 was the most highly expressed TaASN gene in the grain
and showed that its expression in the embryo was likely to be the major determinant of free
asparagine concentration in the grain. The study also showed the differential expression of the
TaASN2 homeologues, where the A genome homeologue was more highly expressed than the D
genome homeologue, and no B genome homeologue could be identified, indicating it was either
missing or was not expressed. The RNA-seq analysis confirmed that targeting TaASN2 was logical to
reduce asparagine accumulation in wheat grain. It also indicated that genetic interventions aimed at
the A genome homeologue alone may lead to step changes in grain free asparagine concentration.
This strategy was adopted alongside the production of total knockouts in case the loss of all three

TaASN2 homeologues led to undesirable phenotypes.

8.2.2. Chapter 4

The work described in Chapter 4 aimed to design multiple gRNAs to edit the first exon of TaASN2,
where the glutamine binding domain is encoded, in order to impede TaASN2 protein function. Four
gRNAs, gRNAL-4, were designed, each targeting all three homeologues simultaneously, and
successfully placed in a single multiplexed gRNA construct, pRRes209.481.ASN2. The multiplexed
gRNA gene contained the four gRNAs interspersed with tRNAs and was constructed via a Golden
Gate assembly. The gRNAs were designed using an improved gRNA scaffold (Dang et al., 2015) to
improve editing efficiency. The gRNAs were successfully designed to target conserved regions in the
first exon of TaASN2 in the cv. Cadenza genome (Appels et al., 2018). Cadenza contains three
homeologues of the TaASN2 gene, so the potential gRNA target sites were limited further than in the

cv. Chinese Spring genome, which only contains A and D genome homeologues.

A protoplast trial system was proposed to test the gRNAs prior to stable transformation of wheat

embryos. The aim was to test gRNA efficiency before the expensive investment in wheat embryo
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transformation. Wheat cv. Cadenza leaf protoplasts were transformed with gRNA1 and gRNA2, and a
Cas9-containing plasmid. Extracted protoplast DNA was screened for evidence of editing; however,
editing could not be detected. The effectiveness of the gRNAs was difficult to judge as the protoplast
test assays showed unreliable and low transformation efficiencies. Considering the later success of the
designed gRNAs, it is unlikely that editing was not seen because of low editing efficiency; rather, it is
likely due to the inefficient transformation and poor-quality protoplast material. A quick, efficient
way to detect editing events from the background WT protoplast population would be needed for the

protoplast system to be effective.
8.2.3. Chapter 5

Chapter 5 aimed to generate stably transformed genome-edited wheat plants with mutations in the
TaASN2 genes. Isolated wheat cv. Cadenza embryos were transformed via biolistic bombardment
with the pRRes209.481.ASN2 plasmid, alongside a Cas9-containing construct and a construct used
for selection. The TO plants were regenerated and screened via PCR to identify plants carrying large-
scale editing events, such as large deletions or insertions, with successful editing producing a size
difference in the subsequent amplicon (Nekrasov et al., 2017). However, there were a variety of
smaller edits (as were seen in the Next Generation Sequencing (NGS) analysis) which would lead to
loss-of-function of the glutamine-binding domain just as effectively as large deletions, for example by
introducing a frameshift. Editing was not accurately assessed in the TO generation, so plants were
taken forward to the T1 generation based on survival and seed number. The presence of editing in the
TO lines was later estimated from the T1 NGS analysis, with 11 out of the 14 lines showing some

form of editing.

Alongside this, a wheat TILLING population was analysed, and mutations were identified in the A, B
and D genome homeologues of the TaASN2 gene. As the TILLING lines possess stop mutations in the
2" and 3" exons, the glutamine-binding domains might not be compromised in the generated proteins
(Xu et al., 2018), but they should lack an aspartate-binding domain. The mutations are in the process

of being stacked in a single line by RAGT, one of the project partners.
8.2.4. Chapter 6

Chapter 6 aimed to characterise the edits present in the T1 and T2 plant generations, using a
multiplexed NGS nucleotide sequence analysis, in order to predict their functional affects and identify
edited lines to progress forward. The NGS data for the two generations were very different, with the
NGS of the T2 generation showing a much greater read number: the T1 analysis generated 171,510
reads in total, and the T2 analysis 5,744,714 reads. More plants were analysed in the T1 generation,
leading to an average read number per plant of 969 compared with 82,067.3 for the T2 plants, which

is nearly a 100-fold increase in coverage. Most of the edits characterised were deletions, as reported
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by Zhang et al. (2019), with the longest deletion being 173 bp; however, there were some insertions

as well, all of a single base pair, as well as some base pair substitutions.

Differences in the edits present were seen from the T1 to T2 plants, with only one line, Line 178,
showing identical editing alleles in the T1 and T2 generations. Due to the increased number of reads
per plant, the T2 analysis allowed for greater determination of the reads present, and the relatively low
number of reads per plant in the T1 generation may have masked or misrepresented some of the edits
present, particularly in the B genome, which was under-represented in the data. However, the
identification of new genome editing events in the T2 analysis, particularly in Line 41, indicated
ongoing CRISPR/Cas9 activity, a phenomenon that has been debated in wheat (Howells et al., 2018;
Wang et al., 2018; Zhang et al., 2019). This ongoing activity could increase the chances of editing
events occurring; however, it also increases the difficulty of generating stable, well-characterised
lines. This chapter also highlights the difficulties of edit characterisation, particularly in a hexaploid
species such as wheat, with great depth of NGS data required to be able to characterise the edits
effectively.

8.2.5. Chapter 7

Chapter 7 aimed to investigate any phenotypic effects associated with the successful editing of
TaASN2. The genome edited lines were compared to wildtype plants in the T2 generation to assess
and characterise any effect of mutations in the TaASN2 gene on plant growth and development. The
genome edited TaASN2-knockout plants showed no obvious growth or developmental phenotype.
This is likely because TaASN2 is a grain-specific gene, unique to the Triticeae, and so it can be
targeted without compromising vegetative asparagine synthetase gene expression. A germination
phenotype was noted; however, this was overcome by the application of exogenous asparagine. These

results are encouraging but need to be confirmed in the field.

The amino acid concentration was tested in the T2 grain (from single seeds) and T3 grain (from
wholemeal flour) to assess whether the genetic interventions in the TaASN2 gene brought about a
reduction in free asparagine. Plants with greatly reduced free asparagine in the grain were produced,
the concentrations of free asparagine in the T2 seeds of Line 59, in particular, being less than 10 %
those of the wildtype controls, and less than 50 % in the T3 seeds. The free asparagine concentrations
were also reduced in Lines 23, 59 and 178 when compared to the wildtype; however, Line 59
consistently showed the lowest free asparagine concentration. The total free amino acid concentration
was a lot higher in the T3 generation than the T2 generation, which is likely associated with stress.
The reduced free asparagine phenotype meant that the primary aim of the project had been achieved,

but this, too, needs to be confirmed in the field.
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8.3. Project conclusions

The project aimed to produce wheat material with a low acrylamide-forming potential. This aim was
achieved by targeting TaASN2 by CRISPR/Cas9, and the successful editing of the TaASN2 gene using
four gRNAs to target the first exon of the gene. The success of the editing was confirmed, and the
edits were characterised using NGS nucleotide sequences analysis. Edit characterisation in the
transformed plants proved difficult, with a large number of reads per plant needed for effective
characterisation. Lines were identified showing reduced free asparagine accumulation in the grain in
both the T2 and T3 generations. Higher free asparagine was seen in the T3 generation compared to the
T2 generation, likely due to heat stress, indicating the role of stress in asparagine accumulation. No
detrimental growth phenotype was associated with the mutations in TaASN2 apart from poor
germination, which could be overcome by application of asparagine solution in a spray, although the
lack of other phenotypes needs to be confirmed in the field. The TaASN2 gene was shown to be
unique to the Triticeae, so the genetic interventions in this study would not be applicable to a non-
Triticeae cereal species without prior investigation of the ASN gene family structure and expression in
that species.

8.4. Future work

8.4.1. Germination experiment

A germination phenotype was noted in the T2 seed during the phenotyping experiment and this needs
to be further investigated. The initial investigation will compare the very low asparagine line (line 59),
using both the T2 and T3 seed, with WT plants. Line 59 will be used as it showed a low asparagine
phenotype in all the T2 seeds tested, and this will serve to confirm the germination phenotype that
was previously observed. The T2 and T3 seeds will both be tested as both lines lack a functional
TaASN2 gene, but the T3 seed shows a much higher concentration of free asparagine. This will allow
for assessment of whether TaASN2 expression is important in wheat grain germination or whether it is
the concentration of free asparagine itself in the grain that is important. The germination phenotype
might have implications for pre-harvest sprouting and malting and could lead to novel strategies for

crop improvement in these areas.

Free asparagine was seen to rescue the phenotype for the T2 seeds, and this will be confirmed,
although other treatments will be also investigated to determine whether asparagine is specifically
needed, or whether another nitrogen source could substitute. The seeds will be germinated on filter
paper in a Petri dish, which will be saturated with one of the following: asparagine, glutamine,
ammonium nitrate, ammonium sulphate and the control treatment of just water. Glutamine is one of

the precursors for asparagine formation and the primary organic product of nitrogen assimilation. It
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will show whether an organic nitrogen source is required. Ammonium nitrate and ammonium sulphate
are agricultural fertilisers and would be much more readily applicable and familiar to farmers if very
low asparagine varieties were commercialised and a simple solution to the phenotype was required in
the field. Ammonium nitrate is a high-nitrogen fertilizer whereas ammonium sulphate has a lower
nitrogen content relative to ammonium nitrate but also contains sulphur, which may be important

given the link between sulphur availability and asparagine synthetase gene expression.

Five seeds per genotype will be geminated on a single filter paper, with three dishes set up per
treatment. The seeds will be allowed to germinate and grow for seven days and then analysed for
shoot and root development. Should the phenotype be present, the seedlings will be frozen in liquid
nitrogen and homogenised after seven days so as to be analysed for free amino acid concentration.

8.4.2. Field trial to confirm growth and low asparagine phenotypes

A field trial is planned for the growing season of 2021 to 2022. This will have to be run as a GM field
trial unless regulations change in the meantime, and will be a joint project between Rothamsted
Research, University of Bristol and the industrial partners who supported this studentship: AHDB,
KWS, Limagrain, RAGT, Saaten Union and Syngenta. Before the field trial, the plants will be bulked
up to provide enough seed, and genotyped for Cas9 and BAR integration so that plants without

transgenes can be taken forward.

The field trial will consist of five genotypes, comprising Line 23, Line 59, Line 178, an A-genome
null TILLING line and wildtype, with five reps of each, making a total of 25 plots. The plants will be
analysed for emergence, growth phenotype, grain composition and yield. Expression analysis of genes
known to be involved in the asparagine biosynthesis pathway will be undertaken, including all the
TaASNs.
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